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Abstract

This paper presents the global energy supply patesftconcentrating solar thermal power (CSP).dghsn

the DLR-ISIS data for global direct normal irradian an estimate is derived for global potential G&#as
and their electricity supply potential. Assumptioase included for land use restrictions and land us
efficiency. Including data of global distributiofi mopulation distances of centers of CSP elecyriitpply to
human electricity demand are estimated. Performahaeacteristics of high voltage direct current (%)
power transmission is used for analysing globalrgynesupply potential of CSP. Results are shown for
different regions in the world, different distandespotential CSP areas and for electric and nentgt
energy needs. The outcome clearly shows that CSRheapotential to become a major source of global
energy supply. This supports an important assumpitiothe DESERTEC concept, which assigns large
fraction of power supply to CSP.
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Introduction

Anthropogenic climate change concerns [1, 2] argborg depletion of fossil energy resources [3] tada
strong momentum for market diffusion of renewableergy sources and their respective conversion
technologies. In order to convert solar energy nergy forms usable for human needs there are devera
thermodynamic pathways.[4] In general, heat, kinetiergy, electric energy and chemical energy @an b
provided via solar energy conversion. Concentrasiolgr thermal power (CSP) plants convert dire¢irso
irradiance into electricity.[5] Suitable sites f@SP plants are located all around the world. Néedess,
CSP is still a niche application for today’s gloleslergy supply but installations of new CSP platitsw
high growth rates.[6] On basis of satellite dataeptial CSP sites are classified and a worldwidg&idution

of high quality potential CSP sites is derived. ifgkinto account population distribution on eartid digh
voltage direct current (HVDC) power transmissidie global energy supply potential of CSP technolisgy
estimated in the following. In addition to CSP,aetresearch indicates that large scale photoeolRV)
power plants in MENA region may lead to comparadliectric and economic characteristics referring to
conventional CSP plants.[7]

Geographic distribution of direct normal irradiance

Radiation data used in this work are based on th&-[3IS (Irradiance at the Surface derived form
International Satellite Cloud Climatology Projet$¢cp) data) of the German Aerospace Center (DBRY]
The DLR-ISIS data is subdivided into a 280 km x X80 equal area grid on grid boxes of 72 latitudgpst
of 2.5°. The used dataset for the direct normaldiance comprises monthly values for 1984 to 20
annual 21 year mean value for every grid box ieef on a 1° grid by applying distance weighted mea
values of the DLR-ISIS data in order to enable metation to the population density.[10]

Solar resource maps for CSP assessment are vesbalysdirect normal irradiance (DNI) per area agdry
normally in units of kWh/m2/y which are suitable@SP requirements. The unit kWh/m?/y describestimne
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of solar energy irradiated on the area of one sfju@ter in a year. The global distribution of DKb®/n in
Figure 1 predominantly overlaps with the desertthefworld (data for Greenland have to be ignoneel
satellite constraints for regions in the far North)

The largest areas in the world for CSP use aretddcen North Africa, South Africa, Middle East, liad
Australia, North America and South America. Diffierédrom most natural resources, solar energy imfof
direct normal irradiance is allocated around theldvand nearly all populated areas may be conneotéue
areas of excellent solar conditions.
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Figure 1: Global direct normal irradiance. Data are based on DLR-ISIS [9] of German Aerospace
Center (DLR) and are derived from International Satllite Cloud Climatology Project. Areas of at
least 2000 kWh/m?/y are needed for CSP plants due £conomic constraints.[12]

Geographic distribution of world population

The energy supply potential of CSP can be asséfHszl geographic distribution of the world popiudat is
taken into account. The Center for InternationaftiieeScience Information Network (CIESIN) of the
Columbia University, New York, makes data availadmut the global population density. The data ehos
for the investigation of this work are in the reg@n of a 1° grid, suitable to the recalculatediation data.
The dataset is now available in the third versi@ridded Population of the World Version 3" (GPWy3)
updated to the year 2000 with a world populatio®.66 billion people.[11] The population densitytalare
depicted in Figure 2.

High and very high population densities shown igure 2 are given for India, China, parts of SoudstE
Asia, Japan, most parts of Europe, a few partsafiNAmerica, the Caribbean and generally for idam
comparison of the Figures 1 and 2 illustrates, thast of the areas with excellent solar resourebibi a
low population density, for instance in deserts l&ahara desert, Namib desert or Western Australia.

Global energy supply potential

The global distribution of DNI (Figure 1) is usedlitlentify potential CSP sites. The solar radiatjpmlity
limit of potential sites is set to a direct normahdiance of at least 2000 kWh/m?/y due to ecomomi
constraints.[12] Today’s projects are commerciabveloped for at least 2000 kWh/mz/y. Nevertheless,
future plants may be built in areas of at leastOlB®&h/m?/y, as lower costs for the solar field, \ebu
improve profitability. CSP plants at sites with treted access to water can be operated by usingidr
cooling towers which slightly lowers the overallns@rsion efficiency. The identified coherent poi@n€SP
areas range from a minimum of about 9,000 km?2 (Wwhias set to the lower limit) to more than 31 raifli
km2 (before exclusion of not suitable sites for Q8&nts). The regional aggregation of the singlessis
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summarised in Table 1.

: no population
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Figure 2: Global population density for the year 200. Areas coloured yellow show a high and orange
and red a very high population density. The unit fo population density is persons/km2. Data are
provided by Center for International Earth Sciencelnformation Network (CIESIN).[11]

Electricity generated in CSP areas can be transpaosia high voltage direct current (HVDC) powerelin
over several thousands of kilometers.[13] HVDC sraission losses can be kept in the range of 3%/k600
plus HVDC terminal loss of 0.6% per inlet and outiation. Power transmission over distances up to
3,000 km counts for transmission losses of not ntbes 10%, whereas high voltage alternating current
(HVAC) would cause power losses higher than 20% iamdstment cost per km significantly higher than
HVDC power lines.[13] It should be noted that ifngeation costs of electricity are low, the increase
transmission cost will not be significant.

Identified potential CSP areas are shown in Figir®egions which might be in reach of respectivd®CS
areas by applying HVDC power lines for electricttansmission are indicated by surrounding areas of
multiples of 900 km. Power lines might not be biiltthe shortest possible distance between cenfers
demand and supply due to land restrictions, theeafaultiples of 900 km are taken instead of 1000 Kire
energy supply potential of CSP can be assesshd geographic distribution of the world populatistiaken
into account. Population living close to CSP araad within multiples of 900 km is shown in Figuredd
Table 2. A regional breakdown of CSP supply potdrghows that North and South America could be
completely supplied within 2,000 km of potential Z&reas and the world region Africa/ Europe/ Asiald
power 3.5 hillion people via CSP within 2,000 kms Ahown by Figure 4 and Table 2 energy supply
potential of CSP technology for the world populatlving within 3,000 km distance to potential C8Ras
exceed 90% of world population.

Power potential for electricity supply is calcultessuming an exclusion of 30% of the area whiftfil filne
solar quality conditions but not land availabildgnstraints, e.g. natural resorts, slopes, walétirgy sands,
human dwellings, roads, agricultural use, etc. Hasé potential CSP areas it is assumed that tlae sol
radiation potential accounts for a respective pgeegential by applying a land use efficiency of 1,0%. for
generating one MWy at a DNI of 2000 kWh/m?/y 5 m? suitable grouscheeded.[12] Higher exclusion of
area or lower land use efficiency, respectivelyulddead to lower power potential of CSP areasimilar
assessment of global potential of CSP presentethiénconference shows land use efficiencies ranging
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between 2.5% and 20% but calculates with an avelaggk use efficiency of 4.5% for recently built CSP
plants and higher land exclusions.[14] Total glopaler potential of CSP estimated in this paper layd
Trieb et al [14] differs by a factor of four due #ostricter land exclusion and lower assumed las@l u
efficiency. For the general estimate of energy supptential of CSP technology in this paper a $fan of
today’s CSP research results to the market is ¢éggéc the years and decades to come.
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Figure 3: Global potential CSP areas (dark red) wih enlarged boundaries within reach of HVDC
power lines. Potential CSP areas are shown classifi by a direct normal irradiance better than
2,000 kWh/m2/y and larger than 9,000 kmz.
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Figure 4: Energy supply potential of CSP in the wdd versus distance to CSP sites. Data for world
population of 6.05 billion people are for the yea2000.[11]
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potential  solar radiation average DNI power
CSP area potential quality potential
[mio km?] [1000 TWhyafy] [KWh/m?2ly] [1000 TWhg/y]

North America 4.9 11,500 2410 1,150
South America 5.9 13,500 2330 1,350
Africa/Europe/ Asia 32.3 73,500 2600 7,350
Pacific 6.8 23,000 2950 2,300
Total 49.9 121,500 12,150

Table 1: Global aggregated potential CSP area, solaadiation potential, average DNI quality and
power potential limited to sites of at least 2000\Wh/m2/y DNI. 70% of all identified areas are clasgied
as potential CSP areas. Land use efficiency of 10% assumed.

potential  power

CSP area potential site  900km 1,800km 2,700km 3,600km 4,500km
[mio [1000 [mio. [mio. [mio. [mio. [mio. [mio.

km?  TWhe/y] pop] pop]  pop] pop] pop] pop]

North America 4.9 1,150 160 400 460 470 470 470
South America 5.9 1,350 160 310 360 370 370 370
Africa/ Europe/ Asia 32.3 7,350 1,610 2,730 3,510 4,400 4,840 5,120
Pacific 6.8 2,300 20 190 260 430 740 1,800
Intersection Asia/Pacific 0 0 0 130 520 1,750
Total 49.9 12,150 1,950 3,630 4,590 5,540 5,900 6,010

Table 2: Segmentation of world population into wortl regions and their distance to potential CSP
sites. According to figures and tables in this seion 900 km enlargement steps of the potential CSP
areas are taken into account. Due to an intersectioof potential supply areas out of Asia and the
Pacific rim the population of the intersection areais given.

Contribution potential of CSP to global energy dema nd

According to Table 1 global aggregated CSP eneugyply potential adds up to about 12 million Ty#kh
Annual energy needs for electric and non-elecuijupdy are in the world in total 16,100 T\WIland 76,500
TWhy,, which relates to 2.7 MWicapita and 12.7 MWHicapita in the world and 6.7 MWftapita and 26.5
MWhy/capita in Europe, respectively, based on dataheryear 2000.[15] Annual growth rate of primary
energy demand is expected to be 1.6% p.a.

Based on the CSP energy supply potential (Tablant) the energy demand for human needs supply
coverage of CSP can be estimated. Several assuragtave to be incorporated. HYDC power lines could
interconnect centers of CSP supply and energy dénfRower loss of HVDC power transmission is incllide
and accounts for 3%/1000 km plus HVDC terminal 10890.6% per inlet and outlet station. Taking all
assumptions into account electricity demand of ev@dpulation on European consumption level would be
approximately 44,000 TWh/y.[10]

Noteworthy, if all humans lived at European elaityi consumption level, 0.4% of the electricity otial of
worldwide potential CSP area could supply more tB@% of the world population connectable per god t
deserts. In every world region (Table 1) this numbiys well below 0.7%, including only sites of a
radiation quality of at least 2000 kWh/m?/y in ddculations. It would be possible to supply 6ibiilpeople
with nearly threefold the electricity generationtoflay and using only CSP. Every other renewabérgsn
source, i.e. wind power, hydro-electric power, plvottaic power, geothermal power and biomass, tas si
not used for CSP generation would even improvesscteenergy around the world.
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A similar consideration can be done for non-eleottiergy needs. The specific non-electric energyaahel

is higher than the specific electricity demand. Mdectric energy is normally used in form of thel@aergy
stored as chemical energy. In principle electricibuld be used for such purposes via convertingtd
hydrogen. Energetically this would not be favoueattlie to the low efficiency of the total procesaintof
about 50%.[16, 17] An electricity-to-hydrogen corsien efficiency of 50% including transport is an
estimate of losses, reality may be better. Dirset of electricity for heat pumps, electrical hegtialectric
vehicles, et cetera, is very likely to be a betiézrnative due to efficiency criteria and the scemof broad
hydrogen use can be considered a worst case assonmpécause of economic reasons electricity wdngld
transmitted to the destination region and conveitetlydrogen at the place of demand. The non-etectr
energy demand of the world population is assumdakton the today’s European energy consumptior leve
of 26.5 MWh/capitaly. All other assumptions are identicaltie talculations of the electricity demand in
the paragraphs above. Taking these assumptionadotmunt including those for HYDC power transmissio
non-electric energy demand of world population aulaly’'s European consumption level would be
approximately 340,000 TW4y.[10] It should be noted that a large fractiorttué energy amount is used for
today’s vehicles powered by combustion enginesfantieating purposes of houses thermally inadedpate
insulated. In general, improved efficiency standasuld significantly decrease energy demand.

Noteworthy, 2.8% of the electricity potential of awide potential CSP areas would be sufficiensupply
more than 90% of the world population connectatde grid to deserts with non-electric energy. Inrgve
world region (Table 1) this number stays well bel6W%, including only sites of a radiation qualdfy at
least 2000 kWh/m2/y in the calculations. Again, rgvather renewable energy source improves the adoes
energy around the world. The contribution of nomamntrating solar heat collectors, geothermal and
biomass energy supply could be significant, as flreyide thermal or chemically stored energy, intcary

to CSP, which has to be converted in electrictgnsmitted and then in worst case scenario corténte
chemical energy via hydrogen.

Depending on future growth rates of the world pafioh, the CSP supply coverage of 0.4% for electric
needs and 2.8% for non-electric needs has to lustadj to the stabilized future world population.

The broad implementation of further renewable eyeaurces, i.e. photovoltaic power, wind power, foyd
electric power, geothermal power, biomass and ocpawer, complemented by energy efficiency
improvements, renewable energies can supply wartdifation with much more energy ever needed — in an
economically, ecologically and socially sustainablay. Today’s global energy problems, the scaroity
resources and the damage to the world climate cbeldolved once and for ever by renewable energy
technologies. Fossil energies are not needed, efmepiche applications. Nuclear fission and fusenergy

are not needed at all.

DESERTEC project for the EUMENA region

In deserts, clean power can be produced by CSRspiara truly sustainable way and at any volume of
conceivable demand. Power can be transmitted withibsses by HVDC power lines to more than 90% of
the world‘'s population. This gives the deserts w mele: Together with the many other forms of Idgal
accessible renewable energy sources the newlgadildeserts would enable us to replace fossil famis
thus end the ongoing destruction of our naturahgj\conditions.

To put this into practice, countries with desedsuntries with high energy demand and countrie$ wit
technology competence should cooperate. Partigularithe Mediterranean riparian regions of Eurdpe,
Middle East and North Africa (EUMENA), this is apmortunity to form a community for energy, watedan
climate security - with some similarities to ther@uunity of Coal and Steel established in Europeesét
years ago. With the political will, EUMENA countsie€ould now launch an Apollo-like DESERTEC project
(Figure 5), to bring humankind back into balancéhwis environment, by putting deserts and techyplo
into service for energy, water and climate securityis would be an important step towards creaginguly
sustainable civilization.[18]

Leading German companies led by Minchner Riuck hagently established the DESERTEC Industrial

-6 -
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Initiative to start the realization of the DESERTH®oject. The initiative is advised by the German
Aerospace Center (DLR) and the DESERTEC Foundatimhis supported by several German Ministries.
The outcome of this initiative could be the stagtipoint of one of the largest infrastructure prigein
EUMENA ever undertaken. Several regions in the @onlith similar characteristics could follow the
DESERTEC path of energy, water and climate segcuirityarticular Southwest of the US/ Mexico, South
America, Southern Africa, Central Asia and the Bacim.

Figure 5: Concept of the DESERTEC project based omll major renewable energy sources and the
interconnection of centers of energy supply and céers of energy demand by HVDC power lines. The
symbols for power sources and lines are only sketitty typical locations.[18]

Conclusions

Based on global datasets for direct normal irracBaand population density the energy supply pakofi
concentrating solar power was estimated. There ciar indications that 90% of world population
connectable per grid to deserts could be supplidy lsy CSP via HVDC power lines not longer than(®,0
km. Less than 0.4% and 2.8% of the electricity pti#¢ of worldwide potential CSP areas would beuiezf

for electric and non-electric energy needs, respagt on the today’s European energy consumptiell
Therefore, only a small fraction of 0.4% to 2.8%gtdbal CSP energy supply potential would be neaded
cover global energy demand. In reality an even kmélaction will be needed due to the energy syppl
contribution of all locally installed renewable egg technologies and energy efficiency improvementse
DESERTEC concept for the EUMENA region is closebtrome a real interregional project for energy,
water and climate security and might act as a bioefor other regions in the world.
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