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The power sector accounts for about 29% obgl greenhouse gas emissiolmsthis sector, mitigation
requires switching from fossil fuels to lesarbon energy sources, principally aglwind, biomass,
geothermal, hydro and nucledihe conventional narrative assigns the task of clean energy development
to rich countries because it is perceivedi@s costly for poor countriesThe realiy, however, is far
different: Since 1990, devefing countries have accounted for 55% of the global incredsavigarbon
energy generatiorsince 2000, Chim and India have exceeded the W&d matched other rich countries

in their share of national income devoted to subsidizow-carbon energy (Wéeler 2010)And both

have announced ambitious plans for renewable energy development duringithg decade (Wheeler

and Shome010).

Kevin Ummel 6s pathbreaking new paper shows how cc
the realization of thse plansKevi n6s paper builds on his prior \
Technology Fund©&s pi o n Afecani G5 (Ummel ansl tWineelert 2008 Nor t h
demonstrates that India and China have enormous solar potential; identifies theie fgasdshtion sites;

and analyzes the cost of a CSP development program that can deliver 20%tofahpower generation

by 2050.Under reasonable assumptions about learning and scale economies, this program will make CSP
costcompetitive with coafired power within two decades.

How much will this ambitious program cost, and will India artdn@ be willing to pay for itXevin

estimates that the foryear subsidy cost will be about $211 billion for China and $129 billion for India.

For comparison, 3ar abh Shome and | e s -annourcédeaendwhbéetenergynpteh a 0 s |
entails a subsidy cost of about $50 billfon the current decade alor{@Vheeler and Shome 201Qkt us

assume that China and India sustain their recent economic growtsimply maintain their current

income shares devoted to subsidizing rendsvabergy development (Wheeler 2018)that case, China

and India will spend $1.3 trillion and $243 billion respectively by 2050ore than enough to finance

Kevi nds p rampwiths endrmops sangs remaining for further development of solar and other
renewables.

The message here is clear: Kevindés visionary pro
path that they showevery indication of following. Now th@nus shifts to the U.Sand other rich
countriesWill they match thisvision and level of ambitionl? so, we may yet solve the carbon emissions

problem.






[. Introduction

Concentrating solar power (CSP) refers to a class of wdidiée technologiethat usesunlight and
mirrors to generate electricitjia steam turbines or Stirling engines (Figure Giventhe abundance of
solar energy anthe comparative simplicity of required engineering and materials, CSP is a potential
source of lowcost, renewale power in aras with appropriate terrain and radiation (Trieb et al. 2005;
Richter et al. 2009; Staley et al. 2009). More tf#@9 MW of generating capacity apeating
worldwide and more than 00 MW are under construction (NREL 2010). In Califor@athorities are
reviewingplant proposalsotaling nearly 5,000 MW and land permitting requests have been received for
an additional 24,000 MW (CEC 2010).

CSP is also growing in Europe and North Africa, where the Union for the Mediterranean SolarsPlan ha
called for the deployment of 20,000 MW by 2020. In December, the World Bank Clean Technology Fund
approved $750 million in financing to suprt the deployment of 1,000 MW five North African
countries, with the aim of promoting cost and risk reductidhr®posals for rapidgcaleup in the
Mediterranean could make power generated in Néfiican deserts and exporteda highvoltage
transmission linegheaper than European coal power within a decade given moderate public subsidies
(Ummel and Wheeler 2@ Williges et al. 201

In China and India, where businessusual scenarios project G&missions from codired power plants

to nearly doubleover the next 20 years, the need for lasgale, costompetitive, clean electricity is
urgent (IEA 2009)Both countries have outlined ambitious plans for solar power expansion, prompting
growing interest in CSP (Hang et al. 2008a; Hang et al. 2008b; Hou et al. 2009; Li 2009; Zhou and Yang
2009; Purohit and Purohit 2010; Wang 2010). Partnering of domestitoeign firms is emerging

Tata and BP in India; Penglai Electric and eSolar in China, for examaefacilitate the transfer of
established CSP technology to these rapidly growing markets (Bradsher 2010; Purohit and Purohit 2010).

Recent #orts to estimate global potential shothat China and India contain areas with suitable terrain

and solar radiatignbut detailed analyses of technical and economic feasibility are lacking (Breyer and
Knies 2009:Trieb et al. 2009)This studyprovides an irdepthassessment of CSP potential in China and
India usinghigh-resolution spatial data for site selectiomdanodeling of plant performance, assessment

of alternative landise scenariosgestimation of generating costs, and simulation of transmission
requiremerg. The results are used to estimate the costs and GHG abatement of an illustrative CSP
expansion program that provides 20% of Chinese and Indian electricity by midcentury.

Figure 1: Parabolic trough, tower, and dish CSP technologies
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Il. TECHNICAL POTENTIAL

Data and methodology

The European Space Agencyds Globcover product pro
resolution of ~300neters(10 areseconds), allowing for highesolution screeningf potential CSP sites

(Bicheron et al. 2008). Additional spatial screamsecreated from secondary datés with native ~1 km

resolution. @omorphological features like sand dunes, rock outcrops, salt flats, and glaerers w
excluded, as were areas hikerrain slope greater than 3% or population density abo¥eé&sons per

km? safety buffers were applied to treacherous landforms or areas with evidence of water, flooding, or
artificial surfacegVerdin et al. 20070RNL 2008 FAO et al. 2009).

Suitable areas were identified according to three-lasel scenarios. Scenario 1 is the most stringent, only
allowing construction on ground that is bare or covered with sparse or herbaceous vegetation and
excludingreserves, parks, and oth@otectedareas (UCN and UNEP 2009)Scenario 2 is the same as
Scenario 1 but allows construction in protected areas. Scenario 3 is the same as Scenario 2 but also
considers rainfed cropland. All other spatial screens (terrain, population, etc.) are the same across
scenaios.

Hourly weather data were procured for abou@Op, sites globally, from which®4were identified as
representative of potenti al CSP | od®AMewas useEtor e ach
simulate the cosminimizing design and performamcfor a drycooled, parabolic trough CSP plant

(Gilman & al. 2008). Regression analysis of results was used to estimate capacity factor and a relative
cost indexon the basis dfite-specific solar radiation and latitude (Figures Al and A2 in Anrieadafor
averageannualsolar resource (direct normal irradiance) are modeled values derived from satellite and
surface observations and are accurate to within approximately 10% of the true value (NRELL20@5).
requirement is assumed to be constant adogsdes and is based on current proposals in California that
suggest a 250 MW parabolic trough plant will require approximately 6253@a the Annex for details.

Results of overlay analysis

Figures 2 through Show the spatial distribution of potenti@dSP sitedor each of the three langse
scenariosin China and India and higtesolution insets for Beijing and Delhi. Note that the images
display theadditionalterrain available under Scenarios 2 and 3. Insets for other urban areas are available
in the Annex.

! Cells with average DNI below 4.7 kWhifday were considered exploitable and were not included.



Figure 2 Location of potential CSP sites in China
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Figure 3: Inset of BeijingChina
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Figure 4 Location of potential CSP sites in India

®  Scenario 1 (barren land)
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Figure 5: Inset of Delhi, India
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Total technical potential

Table 1 reports nati@h totals for potential CSP area and power output and the coal power generating

capacity required to deliver an equivalent amount of electricity. The Annex provides totals by province.

Table 1: Country totals for CSP potential output, area, and coal dgpaquivalent

Scenario 1 Scenario 2 Scenario 3
51,133Twhdy 71,461 71,858
China 689,103m? 912,356 918,290
6,486 GW coakq 9,064 9,114
2,324 2,648 3,334
India 28,364 32,432 41,476
295 336 423

Under the most stringent land use scengidential CSP output in India is three times greater than coal
generation today and exceeds projected coal power in 2030 by 20%. In China, potential output exceeds

present coal generation by a factor of 16 and exceeds 2030 projections by a factor (Efe2609).
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reserves could generate about 235 thousand TM@¢uivalent to five years of CSP output under Scenario

Similar fi
1. I ndi ads
2009)3

Potential output in both countries is much lower than that estimated by Trieb et al.i(BU088)lower in
China and 80% lower in India. About tvthirds of the difference in China and 95% of tliference in

reser ves and MWhi reduivatera to &0 yearst of ASP @utput {BPuU s

India is apparently due to different landver data and/or more restrictive lamske requirements (e.qg.
safety buffers near water and geomorphologic hazards and exclusion of areas not part of contiguous

tracts). The remaining differencesgresumably due to different solar radiation data, modeling of plant
performance, and assumed space requirements.

IlIl. SPATIAL DISTRIBUTION OF SUPPLY

Proximity of supply to urban centers

The distance of CSP potential from demand centers is an impodasideration. There are two options
for power transmission over distance: higiltage alternating current (HVAC) or direct current (HVDC).
HVAC is typically the leastost option for distances up to 5800 km (Meah and Ula 2007). Largeale

CSP deplgment will likely require dedicated HVDC infrastructure to exploit remote areas and integrate
regional power grids, bunitial CSP projects could attempt to utilize existing transmission infrastructure

where possible, placing a premium on sites closestoathd centers. Figures 6 and 7 report the proximity

2 The coal capacity equivalent is the total coal power plant capacity required to generate an equivalent amount of

electricity, assuming a capacity factor of 90%.
3 Assumes an average coal constimprate of 0.48 tons per MWh given total proved reserves of 114,500 million
tons (China) and 58,600 million tons (India).
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of potential CSP production to select cities in China and India for distances up to 300 km, assuming land
use Scenario 1.

Figures 6 and 7: Proximity of select cities to CSP potential in China (left)radid (right) under Scenario 1
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To put the scale of the figures in perspective, annual power consumption is about 70 TWh per year in
Beijing and 25 TWh per year in Delhi. The results suggest there is sufficient CSP potential within 275 km
of the Chirese capital and 225 km of the Indian capital to meet current electricity demand. Figures A12
and A13 in the Annex show the proximity of CSP potential under Scenario 3, which allows for utilization
of rainfed cropland; small areas of such land (~14genTWh per year) could supply a number of urban
areas using shedistance transmission.

Distribution of generating costs

For a given level of capital and operating costs, the levelized cost of electricity (LCOE) for CSP plants
exhibits a logog relationsip with available solar radiation and latitude (implied in Figures A1 and A2 in
Annex). The correspondingbsolutecost is difficult to estimate, especially since there is little experience
with projects in China and India. Using reported capital costa fle ANDASOL-1 (trough) and PS0
(tower) CSP plants in Spain, Purohit and Purohit (2010) calculate a LCOE of ~20 cents per kWh for areas
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Actual costs are likely less due to lowerciountry material and labor prices; reported capital costs for
coal and gas power plants are28% lower in India than in the U.S., and Chinese wind turbines cost
~30% less than in the U.S. (DOB(B; ESMAP 2008; McElroy et al. 2009). A possibly conservative
assumption of 15% lower-ioountry costs give a LCOE of ~17.5 cents per kWh for Rajasthan and is used
to anchor the modeled relative cost index (17.5 cents persk®Vd index value).

Figures8 and 9 show the density distribution of generating costs for each of the land use scenarios. This
is the cost of electricity without considering transmission. China exhibits a bimodal distribution, with
large quantities of loveost potential in highadidion sites on the Tibetan Plateau and a vast amount of
more costly generation potential to the north. Radiation levels on the Tibetan Plateau are exceptional and
drlve the 3040% lower LCOE than that estimated elsewhere in the country, though muchpwtérnsal
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are also available on rainfed cropland in northeast Gujarat. A relatively small but still significant amount
of low-cost potential exist® the Ladakh region of Jammu and Kashmir.

Figures 8 and 9: Distribution of potential generating cost in China (left) and India (right)
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The levelized cost estimates presented throughout this paper assume that CSP construction costs do not
differ aadoss locales; that is, differences in the LCOE index are determined solely by the modeled
relationship between solar radiation, latitude, and plant efficiency. In practice, some locales will face site
specific conditions (lack of transport access or nekabgr supply, for example) that impact costs and are

not captured here.

IV. COST OF TRANSMISSION

Data and methodology

The economic potential of a given CSP locale depends on the tradeoff betwssnadficiency and off

site transmission costs. Thieadeoff can be tested explicitly by estimating the cost of transmission
between sites of supply and demand. Determining transmission requirements fescédegecost
effective CSP deployment ideally incorporates detailed data on the location, capaditjgads of
existing transmission infrastructure. In the absence of such data, a necessarily simplified algorithm was
developed to approximate the additional cost of transmitting electricity from potential CSP sites to
consumption centers under cosinimizing conditions.

The algorithm requires information on the spatial distribution of electricity demand. The magnitude of
stable nighttime light detected by satellites has been correlated with electricity consumption and is used
here to allocate nationabrsumption across grid cells (Amaral et al. 2005; Chand et al. 2009; Letu et al.
2009; NOAA 2009). After initial allocation, demand is summed at the provincial level and compared to
official data; estimated and actual values show high correlation, suggesghttime lights is an
acceptable predictor (Figures A4 and A5 in Annex). Grid cell estimates are then adjusted so that
provincial totals match official data (see Annex for details). In order to capture the effect of rising
electricity demand over tim@rojected changes in the spatial distribution of population in 2025 are used



to fesmgal present day electricity demand (Hachadoot
estimated location and magnitude of power consumption in 2025 and are tisedasis for allocating
CSP supply.

The straighdine distance between every pair of supply (potential CSP sites) and demand cells was
calcul at ed, and the supply cell s modeled LCOE in
costs of trammission infrastructure, load balancing, and power losses for the distance in question (see
Annex for details and cost assumptipn¥he algorithm begins with the lowdsCOE pairing and

allocates output to the demand cell, updating remaining supply arehdetata before proceeding to the

next leastcost pairing. It is assumed that no more than 50% of demand in a given demand cell can be met
with CSP.

Cost of supply curve

Results from the transmission simulation provide an estimate of the relationshigebethe cost of
delivered electricity and cumulative CSP output, providing insight into the economic potential ef large
scale CSP deployment. The marginal cost of deployment rises as total (cumulative) CSP output increases
and the best locales are exphoit Figures 10 and 11 show the results for China and India under
alternative laneise scenarios.

Figures 10 and 11: Simulated CSP supply curve for China (left) and India (right) given current costs
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Experience with solar and other alternative gneéechnologies shows that capital costs typically fall 5%

to 20% for every doubling of installed capacity (Junginger et al. 2008; Neij 2008). For an emerging
technology like CSP, experience and economies of scale obtained at early stages of deployment can
quickly drive down costs. The initial slope of the supply curve is important, because it determines how
costly the learning period will be. In this respect, China has a considerable advantage with supply of ~500
TWh per year exploitable at costs up tockdits per kWh. In contrast, the cost of supply increases sharply

in India before leveling off at about 19 cents per kWh at ~150 TWh per year.



Differences between land use scenarios are also of interest. In China, there is an advantage offered by
sites inprotected areas, mainly on the Tibetan Plateau, once exploitation exceeds ~500 TWh per year. In
India, protected areas offer a small advantage at lower levels of deployment; rainfed cropland near
population centers becomes an important means of restraimstg)beyond ~400 TWh per year. With the
exception of some protected areas in the Ladakh region, competition amongédaadenarios at low

levels of deployment is minimal; initial construction on barren land is economically (and, most likely,
environmetally) optimal.

Potential transmission flows

The transmission simulation provides information on the approximate flow of CSP electricity given the
assumed cost structure and spatial distribution of supply and demand. Figures 12 and 13 show the
simulated distribution of CSP output, consumption, and primary transmission flows under a CSP
expansion program described in the following section. The results simmtlde interpreted as
recommended transmission lines or corridors; they are meant only to shawajihieflows between
regions. Actual transmission requirements depend upon the complex interaction of regional grids and
local geography that are not captured here.

Figure 12: Simulation results for CSP expansion in China (20% of power byZ%M) land $e Scenario 3)

The results for China reveal concentration of generation on the Tibetan Plateau, where higher efficiencies
and lower generating costs offset the additional cost of transmission to eastern cities. Three primary, long
distance transmissidtows bring power from the plateau to the Hong Kong, Shanghai, and Beijing areas.



