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1 Executive Summary

Once in the past century, mainly the western indalsted countries were responsible for a
steady increase of global energy demand. Nowadaysply the emerging and developing
countries provide a sharply growth of global enecgnsumpution, despite efficiency gains
in energy use, due to their growing populations snfichstructures. And they will also in-
crease the global energy demand in the futurehénréference scenario of the International
Energy Agency (IEA), for example, the global enedgynand will be increased for a further
55% by 2030 compared to 2005. /IEA 2008/ Sincectireent energy supply is based for the
predominant part on the fossil fuels and their ne= are finite, there are today already sig-
nificant price increases caused by the changes @ipply and demand.

In addition to the limited fossil resources, thatensive use has also negative effects on hu-
man and nature. Among those, the carbon dioxidesams fronfossil fuels combustion are
particularly serious. To limit the global warmingdathe resulting consequences to a mana-
geable and acceptable level (2C target), accotdirmjmate experts, the emission of harmful
greenhouse gases must be reduced of at least 5@86 hyiddle of the century.

Since the combustion of fossil fuels in conventigmawer plants accounts for a large share
of anthropogenic greenhouse gas emissions, a isgmifemission reduction must be taken
place in this field. Clean energy generation offen®rmous potential to reduce £€€mis-
sions and the possibility of sustainable energybkupVithin the renewable energy sources,
solar energy has besides the wind and hydropoweggpecially great potential.

Concentrating solar power (CSP) technology usesctisolar radiation to generate power.
The CSP plants concentrate sunlight to raise tinpéeature of a transfer fluid in the receiver
and run turbines to generate electricity. Through implementation of thermal storage or
fossil fuels fired backup, CSP plants can geneegetricity according to the demand and
thus replace the conventional power plants. Whi# @re useful only in locations where the
annual direct solar radiation over 1800 kWh/there is also the possibility of the electricity
transmission. The solar-generated electricity cartrnsmitted from these locations to the
load centers with high-voltage transmission lirsesthat CSP-produced electricity could be
available in the future in almost all countries. date, the four major approaches to CSP
technology are the parabolic trough, linear Fresa#éctor, solar tower and dish-Stirling
systems.

Since the first commercial CSP plant has been tgeia California, USA, there is now al-
ready over 660MW CSP plants in operation worldwitlee CSP industry will keep a rapid
growth in the near future, approximately 1.2GW daare under construction as of April
2009 and another 13.9GW plants with varied CSPntgogies are announced globally by
2014. The most plants of those have been or wittdrestructed in the USA and Spain. The
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other Countries, which have or will have CSP plaate Algeria, China, Germany, Israel,
Morocco, UAE, etc. /REW 2009/

Compared with conventional technologies the costlettricity generation through CSP is

still much higher. However, through technology depenent, the mass production of key
components and scale-up factors, it will have aiBgant cost reduction. It can be assumed
that CSP plants are already able to compete djrecth fossil fuel power plants in the next

10-15 years.

With the rapid economic growth in China, the enecgpsumption has increased sharply in
the past 20 years. And in the future, the energyashel of China will be even larger. In the
Westchina and Nordchina, there are abundant sathtion resouces for the large-scale im-
plementation of CSP technology. It is estimated sadar power in almost 2% of desert area
(ca. 23,960 km?) in China was able to satisfy &lth@ Chinese electricity consumption in
2008 (3,450 billion kwh /NBSC 2009/). After tiromulgation of the renewable energy law
(REL) in China in 2006, a long term target has bgetnup that 1000MW energy generation
capacity for CSP plants will be reached by 2020e Buall these reasons, the CSP deploy-
ment for electricity generation in China will achéea rapid and sustained growth

This study provides a summary assessment of foymrngancentrating solar power (CSP)
technologies and a review of major projects budinty in USA and Spain. The cost of these
CSP projects is compared and analyzed. Based ea th®rmation, a preliminary feasibility
study of a CSP project in China is prepared tocaigi the enormous market potential of CSP
technology.
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2 CSP TechnologyState of the Art

2.1 Solar Resources for CSF

Within the sun, thermonuclear reactions occur vitjeand continuously, which is a soul

of energy generation in the stWith the mass-energy conversitimough E=mc2 a tremen-
dousamount of energy is radiated from isun into space. Approximate8/8*1C20 MW of

radiation per second is releasaad one out of 22 billionths of it reachéé® upper atrrs-

phere of the ath. Approximately 30%of this is reflected back io space while the rest

absorbed by clouds, oceans and land masses. Ahllof the insolated solar enerof ap-

proximately 89 petawatts (PW@aches thearth’s surface. /INASA 2009/

. Radfated to Radiated
Inceming Reflected by Reflected Reflected by space from from earth
Solar atmosphere by clouds  earth's surface atmosphere to space

174 PW

10 35 7 111 10

33

Absorbed by I

atomosphere Radiation
ahsorbed
by

atmosphere

1z

Caonduction
and Latent heat In

waler vapor

89 PW absorbed by land and oceans

Figure 2-1: Earth’s solar energy bud(/Mierlo 2007/

According to International Energy Outlook 2009 freine EIA, n 2006,the total worldwide
energy consumption wagpproximately 50 exa joules (EJ)

(= 5* 1020 J while the annual solar enercavailable from the un is approximatel
3,850,000 EJThus the sun providethe same energy in one hourths world population
uses in one year. Howevsolar energy provides less than 1% of the v's total commercie
energy because of ilsgher energ generation costs compared to conventional .

Solar energy can be used in different weSolar heat can be uselirectly in the form of
thermal energyn the residential sector and in industrial proesster water heating, spa
heating, space cooly and process heat generation. Solar energy sarpebduce powers-
ing photovoltaigqPV), CSP and various experimental technologieshBY mainly been us¢
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in the small and medium-sized applications with Bh& cells while the CSP plants are used
in much larger-scale generation.

To become feasible and cost-effective, CSP systeupsire a high level of direct normal
irradiation (DNF) at the sites. This is an important factor in #e@nomics of a solar plant
and can be measured by satellkgure 2-2 below provides one such attempt to map suit-
able regions worldwide for the implementation offCi&chnology.

Suitability for solar thermal power plants:
M Excellent Good Suitable M Unsuitable

Figure 2-2: Globally solar resources distribution /SS 2006/

Suitable sites should offer at least 2,000 kilovmattirs (kwWh) of electricity per m? of sunlight
annually, while the best sites will offer greatbarn 2,500kWh/m2 annually. Suitable loca-
tions are where the climate and vegetation do ffet digh levels of atmospheric humidity
such as, steppes, bush, savannahs, semi-desettsi@m@serts. And they are ideally located
within £40° of latitude. Among the most promisingeas of the world for CSP are therefore
the South-Western United States, Central and SAudikrica, Africa, the Middle East, the
Mediterranean countries of Europe, Iran, Pakistash the desert regions of India, and the
former Soviet Union, China and Australia.

Using CSP technology, one square kilometer of landhe obove-mentioned regions is
enough to generate as much as 100 to 200 Gigawat$-iGWh) of solar electricity per year.
This is equivalent to the annual energy-productiba 50MW conventional coal or gas-fired
power plant.

! DNI is the direct normal radiation on a surfacealitis always perpendicular to the direction of the
direct radiation from the sun.
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2.2 CSP Technology

CSP system produces electricity by converting sefergy into high temperature heat with

reflectors and receivers. The heat is then usemdduce electricity through a conventional

turbine-generator system. Currently, there are foajor CSP technologies, the parabolic
trough systems, linear Fresnel reflector systemisy $ower systems and dish systems. The
further research is being undertaken examiningouariCSP technologies for larger genera-
tion capabilities and higher thermodynamic efficies.

Parabolic trough systems

A parabolic trough system consists of trough-shapgtbr reflectors to concentrate the solar
radiation on to receiver tubes containing thermahgfer fluid which is then heated to pro-
duce steam. This is the most developed, economicable and widely accepted of the CSP
technologies. Currently, most of the CSP projebtt fare under construction employ this
technology.

Linear Fresnel reflector systems

A linear Fresnel reflector system uses an arrajabfor slightly curved reflectors which re-
flect solar rays and concentrate them onto an weviaverted linear absorber tube for heat-
ing the fluids and converting the solar energy ieliectricity. Spain is implementing a pilot
project using this technology which is still in thascent stage. Currently, Fresnel systems
are less efficient but also less costly than o@®P technologies.

Solar tower systems (Central receiver systems)

A solar tower system employs an array of largevidldially tracked plain mirrors (heliostats)
to concentrate solar radiation on to a centraliveceon top of a tower to produce steam for
electricity generation. Currently, CSP plants imi8psuch as PS10 and PS20 are implement-
ing central receiver system technology.

Dish-Stirling systems

Dish-Stirling systems in contrast with the othepraches are comparatively smaller units
consisting of a dish-shaped concentrator thatatflsolar radiation onto a receiver mounted
at a focal point that heats thermal fluid for powgeneration. This technology has the advan-
tage of functioning as a stand-alone system andooaride decentralized power. Currently,
small CSP projects are planned in USA, Europe amstralia using this technology.

Regarding their technical features, the convergiatih of all the concentrating solar power
technologies rely on four basic elements: the comator, receiver, transport-storage system,
and power conversion system (See figure below).Adssil- fired backup system is an alter-
native component of CSP plants.
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The concentrator captures and concentrates thersaliation, which is then delivered to t
receiver. The receiver absorbs the concentratelightimnd transfers its heat to a worki
fluid. The transporstorage systerpasses the fluid from the receiver to the p«-conversion
system; in some soldnermal plants a portion of the thermal energytisesl for later use
Several solar thermal power conversion systems hagea successfully demonstrated id-
ing the Rankie, Brayton, combined or Stirling cycles. Four enreggsolar thermal powe
generation conceptsthe parabolic trough; the solar power tower; theapalic dish and th
linear Fresnel reflector syste- will be described in the Section Current Technol&tatus
below.

2.2.1 Parabolic Trough Systems

In the parabolic trough systems, a solar collectmicentrates the sunlight with the cun
mirrors and reflects it onto a heat absorber rezevhich is located in the focal line of t
collector. The receiveronsists of a special tube through which heat tearfkiid is warmec
up to about 400°C. Then the heat transfer fluidsed to boil water in a conventional ste
generator to produce electric

As shown in the picture below, the reflector, absorube (receiver) and the solar fielcp-
ing (heat transfer fluid circuit) are the main campnts of a parabolic trough plaThese are
discussed in the following sectis
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Absorber tube

Reflector

Solar field piping

Figure 2-4: Component parts of solar field for parabolic troympwer plant /Renewables
2009/

2.2.1.1 Parabolic Reflector

The parabolic reflector consists of one surfacé &itreflecting layer, for exemple metal foil
or thin glass mirrors, or with several curved mirsggments. In commercial projects, the
second variant is more usually applied. Reflecames mounted on a steel framework and
track the sun using a single axis system follovthmglongitudinal axis.

Figure 2-5: Reflector of parabolic trough power plant /Suli&2009/



15 CSP Technology State of the Art

To achieve high reflectivity over the mean valueQdfbo the mirrors typically utilize back-
silvered white low iron glass with the weatherpratfibutes. Through regular cleaning, this
high reflectivity of the mirror segments can be mained. /Kaltschmitt et al. 2007/

In the projects SEGS in the USA and Andasol | imiBpmirrors from the company
FLAGSOL have been used. The reflectors are madef @pnumber of sub modules each
with a typical length of 12m. The type 100 has aerall length of 100m and 8 sub modules.
The larger parabolic trough reflector Skal-ET158 hdength of 150m and an aperture width
of 5.77 m and consists of 12 sub modules. /Flag808/

The reflectors are tracked with the sun along tlogig axis by drives. The driving system of
SKAL-ET reflector consists of two hydraulic cylindethat are installed on the drive pylon.

2.2.1.2 Heat Absorber
The horizontal absorber tubes are installed irfdkbel line of the parabolic trough reflectors.

Evacuation opening  Absorber tube Hydrogen getter

7
|| ——
/

Glass/metal joint Glass tube Extension bellows

Figure 2-6: Receiver of a parabolic trough plant /SS 2006/

As shown above, in order to minimize the heat Isssteel absorber tubes with selective ab-
sorbing materials are enclosed in an evacuated gl#e. This vacuum design serves also to
protect the selective coating. Nowadays, the sakeorption of such selective coatings is
above 95%, and at a temperature of 400°C emisswibelow 14 %. At the surface of the

glass tubes, there is a layer of anti reflectivatiog to collect more solar radiation. /SS 2006/

2.2.1.3 Heat Transfer Fluid (HTF)

Currently the heat transfer medium used in the dlesds synthetic thermal oil. Because of
its limited thermal stability, the working tempareg is limited to a maximum of approxi-
mately 400°C. This temperature requires that thesdiept at a pressure of 12 to 16bar. Be-
cause of that, absorber tubes as well as heat eyelmmust have a pressure-resistant design,
and this leads to relatively high cost.

Molten salt is proposed as an alternative for thatlransfer medium. The advantages of
molten salt in comparison with thermal oil are etaerized by:
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* lower specific costs
* higher heat capacity
» potentially higher working temperature

However, with the higher melting temperature arghhr viscosity it requires more heating
and pumping power,

Furthermore research into the direct steam generation designdaal to greater cost sav-
ings and potential for greater efficiency. As thmdyovorking medium, steam has the advan-
tage of a higher working temperature while them @@ requirements for a secondary heat
transfer fluid loop and heat exchangers.

2.2.2 Linear Fresnel Reflector System

A linear Fresnel reflector (LFR) power plant cotlesunlight with individual long, narrow
mirror segments and several of the mirror segm&mse one linear receiver above them. On
top of the receiver, there is another long mircofdacus the light to the receiver.

The LFR system uses one axis tracking. This islamto the trough design but different

compared to the solar tower and with dual-axis. Stinecture of LFR system is simpler than
the trough and dish-Stirling design, because tmeownaflat mirrors are used instead of para-
bolic formed mirrors and these mirrors do not supfiee receiver and the receiver is station-
ary. As a result the cost can be reduced and tlectwr could have a longer lifetime. Each
mirror will be adjusted by the small motors andytlweuld also reflect sunlight to different

receivers at different times of day. This desigavpies the possibility of more mirrors in-

stalled on the available land area.

The Figure below shows a typical linear Fresndeotbr system.
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cavity receivers

Figure 2-7: Component parts of the solar filed for linear Redgeflector power plant
/Pye 2009/

2.2.2.1 Fresnel Reflector

The Fresnel reflector uses low-iron glass. Theviddial mirror segments are mounted on the
steel frame at the same height and they can bd tioteugh 360° driving by a solar tracking
system. During the strong wind or hailstrom therars can turn upside down to avoid dam-
age to equipment. The lower width of the Fresniéceors will be also reduced their wind
loads. The following figure shows the reflectousture of LFR system.

Figure 2-8: Fresnel reflectors of a LFR power plant /Greenp&€as/
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Due to their simpler structure, Fresnel reflectbase a lower concentrations and a lower
optical efficiency than parabolic trough reflectotisough individually micro-adjustment of
each reflectors can compensate for such disadvestdtpwever, the sophisticated tracking
system and the required large number of drives tedgh costs.

2.2.2.2 Absorber
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Figure 2-9: Absorbers of a LFR power plant /Pye 2008/

For the linear Fresnel system absorber, tube gratgased due to their wider focal line. The
cross sections of the absorbers are shown abopes Rire mounted inside the trapezoidal
cavity and the bottom of the cavity is covered vatlransparent cover, which is intended to
reduce convective losses by trapping a layer ofairatext to the hot steam pipes. This cover
is commonly made with low-iron glass because thgleghglass reduces reflective losses of
solar radiation and low-iron glass has improvedoapiproperties compared to standard grade
window glass. This is the so-called secondary catnator. The following figure illustrates
the mechanisms of secondary reflection.

Figure 2-10: Receiver used in linear Fresnel reflector syste€dVN-1 /Meyer 2009/
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2.2.3 Solar Tower Systems

At a solar tower plant the solar radiation is octiéel by mirrors called heliostats with a dual
axis tracking system, and are controlled so thay thather the incident solar light and reflect
it on top of a tower, where the solar energy isodtsd by a receiver. The receiver absorbs
the concentrated solar energy and then passethi toeat transfer fluid which flows through
the receiver. According to different types of h#gansfer such as fluid, water/ steam, molten
salt, liquid sodium and air, the temperature of tbeeiver can reach from 500°C to over
1000°C. The Figure below shows the basic layoust ®blar power tower plant.

Central receiver -
\

Hellostats \

Figure 2-11: Basic layout scheme of a solar power tower pl&atliivan 2009/

2.2.3.1 Heliostat

The heliostats field consists of a large numbeandividual heliostats (from several hundreds

to thousands). Heliostats are mirrors that are geshdy a dual axis optical solar tracking

system. The analog solar tracking circuit conttels mechanical actuators that move a mir-
ror plane on two axes. The mirror plane will reflédee sunlight to a stationary target during

the day and then return to a preset morning poséfter sunset. The tracking electronics are
capable of tracking the sun with sub degree acgurac

Figure 2-12: Dual axis optical solar tracking /Heliotrack 2009/
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A heliostat consists of:
* asunlight reflector,
» atracking unit with the drive motor,
* the foundation
* the electronic control system

The heliostats represent a heavy weight of thd tatst of solar tower power plant. There-
fore, great effort is expended on the developméhtbostats with good optical quality, high
reliability, with a long life and low area-speciftosts. Due to economic considerations, large
heliostats with areas from 100 to 200 m?2 are adphethe current projects. Two main types
of the heliostats are available these being thetéalcglass/metal heliostats and membrane
heliostats and are described below. /Kaltschmidil.2007/

Faceted glass/metal heliostats

Faceted glass/metal heliostats typically consisieskral quadrate reflecting facets each with
sizes between 2 and 4m?2. These reflecting facetsmaunted on a steel framework. Each
heliostat has an individual drive to track the sund concentrate the solar energy onto the
receiver, so that each of them has a differenntateon. This leads to a high focusing accu-
racy but also high costs. Currently wide faceteakgimetal heliostats are more usually util-
ized in commercial solar tower plants. The glassdirfeeliostat illustrated in the figure below
is an example of this.

Figure 2-13: Faceted glass/metal heliostats /Thomas 2000/
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This concentrator width of the heliostat amountsl2008m and concentrator height of the
heliostat amounts to 10.06m. The size of the inldial facets is 3 by 1.1m each. The total
weight without foundation is 6.5t. /Thomas 2000/

Membrane heliostats

In order to decrease the weight of the heliostdttans reduce the material and drive costs,
stretched membrane heliostats have been develdjped.Plastic foils or metal membranes
are mounted on a circular frame to generate terisitimee membrane. And thin glass mirrors
are covered out of the membrane to keep a lontniéeof heliostats. This smooth surface
can provide a high efficiency of solar reflectiothe membrane can be deformed through
changing the pressure inside the heliostat andtttefocus length can be adjusted.

Figure 2-14: Membrane heliostats /Thomas 2000/

The figure above shows an example of a metal memelneliostat. This heliostat is installed

on a steel framework with six wheels for verticatation. The heliostat has a diameter of
14m and a concentrator area of 150mz2. Its weigblueing the foundation is approximately

7.5t. The drive mechanisms of this heliostat declire cost of power plant. /Thomas 2000/

2.2.3.2 Tower and Receiver

The only receiver of central solar tower power planlocated on the top of the tower. As

support of the receiver the tower is commonly veitheight of 80 to 100m and made of con-
crete or steel lattices. A higher tower is prefedbr bigger and denser heliostats field but it
should to avoid the shades or objects that bloekstin. At the same time, the technical fac-
tors, e.g. tracking precision and the economicofacte.g. tower costs should also be consid-
ered to determine the height of the tower.
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The Receiver of solar tower power plant transfothes solar energy collected by heliostats
into the thermal energy of working fluid. This warg fluid could be commonly water/steam
and molten salts. In further research air is appieg use in high temperature power towers.
Water/steam receivers are the most used receismian tower power plants, e.g. in the early
power plant 20MW Solar One in the USA and in theld/¢argest solar tower PS20 in Spain.
Meanwhile the molten salt receiver and open voluimetir receiver are applied in some
demonstrate plants.

In the following section, the open volumetric aéceiver the molten salt receiver and the
water/steam receiver are described.

Open volumetric air receiver
At the site of the open volumetric air receiver @&mnb air is drawn through an absorber,
which has been heated by concentrated solar radiati600 to 800°C. As absorber material,
steel wire or porous ceramics are applied. Duéegbrous absorber structure the receiver is
characterized principally by low thermal losses;auese the external surface area of the ab-
sorber is much smaller than the porous heat tramséa (volumetric effect). Other advan-
tages of the volumetric receiver consist of:

* good manageability of heat transfer medium air,

» relatively simple structure,

» sufficiently high outlet temperature,

» the low thermal inertia and

* short start-up time.

A clear disadvantage when compared to other rexeigethe low specific heat capacity of
heat transfer medium air, which leads to a higwftate on the one hand and the other no
energy-efficient direct storage of hot air.
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Figure 2-15: The functional principle of the Phoebus receialtschmitt et al. 2007/

The figure above shows the functional principleaotypical open volumetric air receiver
Phoebus receiver. The Phoebus receiver with metaite absorber was developed by FDE,
Phoebus consortium and constructed and teste@ icotitext of the TSA project. /[FDE 1994/
/Haeger 1994/ This receiver has the shape of agosed frustum of pyramid with down-
ward-decreasing diameter so that the outer surfaict® absorber incline towards the helio-
stat field.

Compared to other heat transfer mediums air hasyradwantages. Air is easily available,
non-toxic, non-corrosive and thus easy to handlethErmore, air is not subject to restric-
tions of temperature in principle and keeps thglsiphase at the required temperature range.
The major disadvantage of air is very low spediiat capacity. This requires first large vol-
ume flow and seconds a separate storage medium.

Molten salt receiver

The closed tube receiver system is currently therfee molten salt receiver system. In the

closed tube receivers the molten salt is pumpedutir the black colored receiver tubes

and heated there. The alternative, open tube recceoncept is the salt film receiver. These
are directly thin films of salt, or stainless stpites covered by the salt film and they are
heated by the concentrated solar radiation. Thinplgied structure is expected to inexpen-

sive receiver. The figure below shows the closdx treceivers using molten salt as a heat
transfer medium.
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Figure 2-16:Closed Vertical tube receivers with molten saltl{8&hmitt et al. 2007/

Molten salt consists of sodium or potassium nit@&aNO3, KNO3). In contrast to air, the
molten salt has a much higher heat capacity andeatirectly used as heat storage medium.
As a result, the design cost of heat storage streietill be greatly reduced. Another advan-
tage of the molten salt is that the heat transfediom exists always in the liquid phase and
thus no two-phase flows occur. Since the salt tiallbwed to crystallize, represents the
permanent liquid phase also a disadvantage thatlaat parts filled with salt (tanks, pipes,
and valves) must be heated at night during operdtieaks (melting point 120 to 140°C). It
increases the operating cost of the power planbti#er drawback to the molten salts is their
high corrosivity.

The development of molten salt receivers was drprgmarily by American research institu-
tions as well as companies (Boeing, Bechtel purse) and its operation was successfully
tested in the 10MW demonstrate plant Solar Two9861 California. Currently the 15MW
solar tower power plant Solar Tres, which is basedhe Solar Two concept, is under con-
struction in Spain

Water/steam receiver

The structure of the water/steam receiver is emdntconsistent with the previ-
ously described molten salt tube receiver. Instdale molten salt water is evaporated in the
receiver tube and possibly overheated so that tdsrsturbine system is directly supplied
with the saturated steam.

On a number of demonstration projects of solar paweer using water/steam receiver in
the 1980s showed that direct steam generationeimeiteiver had numerous problems. Most
of them were provided by the two-phase flows (Wateam) and the related difficulties in
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heat transfer and material fatigue. In recent y#dasSpanish company Abengoa has devel-
oped the technical mature saturated steam recanceit is applied in the solar tower PS10.

A storage tank of saturated steam was integratedtie system in order to ensure the con-
tinuous operation during the time with insufficiemtwithout solar radiation.

224 Dish-Stirling Systems

In a solar dish-Stirling system, the reflectivefage which is dish-shaped collects and re-
flects the solar radiation onto a receiver, whibsabs the solar energy and transfers it to a
Stirling engine. Then the mechanical power fromehgine operates a generator to produce
electricity. The main components of a solar distinplare the parabolic reflector, receiver,

and a Stirling motor as a thermal engine with &glcgenerator. As with the solar power

tower system the dish concentrator tracks the stimavdual axes tracking system. The fig-

ure below illustrates the basic layout schemadith-Stirling plant.

Concentrator

Receiver and
Stirling motor

Figure 2-17: Basic scheme of a dish-Stirling plaBefgermanret al. 1996/

2.2.4.1 Parabolic Reflector (dish)

The parabolic reflector (dish) concentrates sumlggtio a focal point. The size of this spot is
dependent on the concentrator precision, conddfaie surface and focal distance. For the
operation of the Stirling engine high temperatwesrequired. Therefore a large point-focus
concentrator with an axial symmetrical shape isleme@nted in this system. Currently dish

reflectors achieve concentration ratios of betwe&00 and 4,000 and their common maxi-
mum diameters are 25m. /Liao; Long 2008/ Theretamemain types of dish concentrator,

the facetted paraboloids and full-surface paraksloi
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2.2.4.2 Receiver

The receiver transfers the solar energy into texdilyi useful heat. Therefore, the highest
temperature of the dish-Stirling system is at #eeiver. For the direct-heating systems the
common operational temperature currently variesvéenh 600 and 800°C and the pressure
between 40 and 200bar. The tube receiver and theduge receiver are the two main re-
ceiver types of the dish-Stirling system.

2.3 Solar Power Conversion Systems
Apart from the solar power collection systems, haptmajor component of the concentrating
solar power plant is the power conversion systelmas tonvert the heat into electricity.
Nowadays, different technologies are mainly usethénCSP plants such as the:

* Rankine Cycle system

* Integrated Solar Combined Cycle System (ISCCS)adiner hybrid systems

» Stirling motor

The Rankine Cycle is a mature solar only technolbgy provides a high solar contribution.
Meanwhile the ISCCS with a gas-fired hybrid fagiliffers a low cost alternative for the
solar powered electricity generation. The Stirlmgtor is only implemented in the solar
dish-Stirling system.

2.3.1 Rankine Cycle Systems

In a Rankine-cycle plant a steam-based power pléghtsolar energy which is implemented
as the source of heat. The system is a typical iRardycle. The hot collector heat transfer
fluid transfers its heat in the heat exchangeh&water/steam. The steam drives the turbine
to produce electricity. The spent steam is condiitge water in the condenser. The water is
then reheated in the heat exchanger and the aoéats.

Due to the seasonal and daily change in solar tradjaa Rankine-cycle without thermal
storage system can only operate at full load whbloZapacity factor for about 2400 hours
annually. In the majority of cases, it is meaningtuintegrate a fossil-fuel heater to ensure
the system can operate at full load for longer tiB&ck-up fuels such as coal, oil, naphtha
and natural gas may be used.

Rankine-cycle systems whether powered by solarggner fossil fuel offer relatively low
efficiencies. The conversion efficiency of heattectricity amounts to approximately 40%.
If the conversion from solar energy or fossil ftelheat is considered, the plant efficiency
drops to approximately 35%. /EEL&MRCL 1999/ Theldaling figure illustrates a typical
Rankine Cycle System.
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2.3.2 Integrated Solar Combined Cycle System (ISCCS)

An Integrated Solar Combined Cycle System (ISCGfgrd from the Rankine-cycle system
in that the solar components are an add-on to gecional power plant, sometimes referred
to as a solar boost. Solar heat can either prodddéional steam in the Heat Recovery
Steam Generator (option A) or can generate lowspiressteam that is fed directly into the
steam turbine (option B). In both cases, the capatithe steam turbine is greater than in a
conventional combined cycle and can handle thetiaddi steam generated by solar energy.

When the system at the peak output, the solarrsyktes approximately 20 to 30% of com-
bined cycle output, for example, the additionalas@ystems can increase the output of a
100MW combined cycle plant to 130MW. Annually, tbentribution from the solar system
falls to approximately 10%. The solar system caryesterate electricity on its own; it must
operate as a power boost when the gas turbineasatgul. Additionally, the entire system
should be designed efficiently so that the openatibthe combined cycle does not get worse
without solar energy. /EEL&MRCL 1999/

The two main advantages of ISCCS compared to giheer plants are firstly, a solar system
integrated with a combined cycle can increase awego output when required; secondly,
ISCCS can increase its peak capacity with a lovapital cost compared with other power
plants.

At high outdoor temperature, the output of convamdi combined cycle is reduced, because
the lower air density means the less mass flomuitahe gas turbine. Generally, the solar
system has its peak output in the early afternobenathe outdoor temperature is at its high-
est. The figure below illustrates an ISCCS.
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Figure 2-19: Integrated Solar Combined Cycle System (ISCCS).&ERCL 1999/

2.3.3 Hybrid Solar/Rankine-Cycle Generation Systems

The integration of solar into a conventional Raekaycle power plant can also be imple-
mented in a similar manner to Option B of the ISCTRe oversized turbine in the Rankine
cycle plant is able to handle the solar generatedns. Likewise, high-pressure steam pro-
duced by the solar system may be injected intarthm steam generator to boost its output.
This is similar to Option A of the ISCCS. Becaudettte widely use of coal as the fuel

source, these hybrid options can decrease the iemsssom the plants.

234 Stirling Motor

Thermal energy from the concentrated solar radiati@an be transformed into electrical en-
ergy with a Stirling motor that has interconnecetherator. Compared to the Otto or Diesel
engine, that run on internal combustion, the 8grkengine is supplied only by external heat,
e.g. solar power and external combustion, etc. Assalt the Stirling engine is the best
choice for energy convertion from solar heat to Ina@ical energy. Due to the flexibility of
the heat source, a Stirling engine can also beatgemwith hybrid operation. This means that
with an additionally installed burner, the requitesht can also be generated using fossil fuels
(Bio-gas etc.). Thus the system is also availabhind cloudy periods and even during night-
time.
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Figure 2-20: Function process of the Stirling motor /Bergermafgl/

A simple Stirling engine is made up of a sealedesyswith two cylinders; these are the ex-

pansion and the compression cylinder, respectivehd the pistons of these are attached
with a crankshaft. The working gas of this Stirlieggine is helium. In function process 1-2

shown in figure above, the working gas is heatedheysolar radiation and because of the
increasing temperature expand in the expansiomasti This pushes the piston down and
creates power. In process 2-3, the hot workingigdise expansion cylinder is pushed by the
power into the compression cylinder. Between the tylinders the hot working gas goes

through a regenerator. Most of the energy is stardtie generator and then the hot gas is
cooled by a gas cooler. In process 3-4, the pistifinreturn because of the inertia of the

crankshaft and at a low temperature the workingigésen compressed. In the last process,
the gas is moved back into the expansion cylinderuigh reabsorbing of the heat in the re-
generator.

The engines of the dish/Stirling power plants uskum or hydrogen at a working gas tem-
peratures between 600 and 800°C. And the workirsgngean pressure controlls the power
output of the motor. /Doerte et al. 2002/
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2.4 Thermal Storage Devices

Compared to other renewable energy technologyCtBe possess an advantage in that the
collected energy is easy to store in the form @th&he thermal storage can increase the
availability and capacity factor of the power pland thus improve the system flexibility. To
store heat energy in CSP system, a choice can de fram several different systems: solid
salt, two-tank molten salt, thermocline, solid mialle (concrete), pressurized saturated wa-
ter, etc. Currently the most proven thermal stotaghnology is two-tank molten salt system.

The two-tank molten salt system implemented inghrmbolic trough power plant Andsol 1
includes the following components: an oil-to-sathexchanger; a cold storage tank operat-
ing at 290°C; a hot storage tank operating at 38af@d two circulation pumps. The storage
medium used in this system is a mixture of 60% wodnitrate (NaNO3) and 40% potassium
nitrate (KNO3), which has been proved as a faverabimbination. On sunny days, the heat
energy is transported by synthetic oil from theasdikeld to the oil-to-salt heat exchanger and
then this heats the salt in the cold tank to 384¥id¢ch will then be stored in the hot tank. In
the evening or on the cloudy days, the salt mixisigumped to the exchanger and heats the
oil to provide thermal energy for electricity geaton.

The mass storage system with heat storage mediom asiconcrete and ceramic has also
been implemented in the demonstrate projects leegL$-3 (HTF) test loop. In this project
the storage system consists of four 5m3, 10-154#00, concrete and two ceramic storage
modules. Each module presents a 175kWh storagesibapéhe advantages of this storage
system include the lower cost of the storage medinih simple structure. However, it has
also obvious drawback: the great heat loss durivayging and discharging of the storage
material.

2.5 Technology Comparison of CSP

In this section the technical information of theifanajor CSP systems is summarized and
compared to analyze their advantages and disadygsitd he technical data shown in the
following table is based on a DLR report.
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Table 2-1: Technology comparison of CSP

.. Concen-  Solar Annual Area
Capacity . .. )
(MWe) tration efficiency solar requirement
ratio max. efficiency  M?(MWh)
Parabolic
10 - 200 25 - 100 20% ()|  9-11% (&) 4-6
Trough

10-15% (d)

10 - 200 70 - 80 21% (d 6-8
Fresnel 0 (d) 17-18% (¢)
Solar 20% (e) | 16-18% (d)

10-150 00 - 1000 8-12
Tower 3 35% (e) | 15-25% (e)
Dish -189

0.01-0.4| 1000 -3000| 29% (d) 16-18% (d) 30-40

Stirling 18-23% (e)

(e) expected  (d) demonstrated

As is indicated in th&able 2-1, tower and dish Stirling are regarded as the ratigtient
technologies of CSP, which are expected to havéda laetter efficiency than the trough and
the Fresnel plants. However, trough and Fresneitpleequire less area than the two other
technologies, especially for the Dish Stirling witle same capacity. /Pitz-Paal et al. 2004/

Furthermore, with relatively high efficiency andMer investment costs, the parabolic trough
technology has already been proven to be commbraible, even more with the hybrid
concept or thermal storage facility.

Compared with the most mature trough technologgsiiel possesses a simpler design, with
lower requirements for the mirror and receiver mates well as better wind-resistance abil-

ity. All of these factors can reduce the cost @& Bresnel power plant and makes it possible
to realize widespread implementation. However #w that there is no commercial operating

experience of Fresnel technology is a disadvansagkthis could lead to a lower solar to

electricity efficiency, increased costs for investrhand thus loss of price advantage.

The advantage of solar tower technology is the lojgérating temperature, which make the
energy conversion from thermal to electricity adlvas energy storage more efficient. In
addition, the geographical requirement for the §laiund area for the power plant is lower.
The solar field tower technology has no large-bltadilities. Each heliostat can have its own
banking angle to concentrate the solar radiatiorthe tower; nevertheless, their own dual-
axis tracking equipment will increase the costs seuilt in the system control being more
difficult.

Due to the high concentration ratio, the dish fBtyksystem can reach very high temperatures
and thereby achieve high efficiency. And the stalmhe design makes it flexible to use in
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many different external conditions. However, thsadivantages of the dish system are also
significant. The Decentralized design of the enecgyversion from solar to electricity
through the dish equipment is not as efficient aerralized approach. Moreover, the Stir-
ling engine makes the moving structure cumbersomm&whe frame and the tracking system
must strong enough. The huge moving parts reqrecgient maintenance.
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3 Global CSP Projects — A Review

Since the first large CSP plant was built in 194 2Meadi, 25km south of Cairo, CSP tech-
nology has a history of around 97 years. The Gshmercial CSP facility began to operate
1984, which was also the first plant of the 354 avegfts SEGS power plant group. From
1980 until the end of 2008, the total capacityhs tumulative installed concentrating solar
power worldwide comes to around 603 megawatts. 8322this figure will reach 6,400
megawatts, about 10 times the current capacity. Wgrtbis over 90 percent of the planed
new capacity will be in the United States and Spwith a combined total of over 5,600
megawatts expected to come online by 2012. /EP3/200

The figure below shows the development of concénggasolar power in the period 1985 to
2014.
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Figure 3-1: World cumulative installed CSP capacity 1985 —2MREW 2009/

Owing to previous developments in the US with atb@BOMW operating CSP plants since
1980, the parabolic trough system is regardedesnbst mature large scale technology. The
first commercial CSP plant in Europe, 50MW Andasgbroject with 7.5 hours of storage,
utilized also the parabolic trough technology. Thisject has been in operation in Granada
in Spain since 2008. Two additional plants of 50M#th, Andasol 2 and 3, are scheduled to
be built on the same site. The second main CSPhhodadly is solar tower system. Since
March 2007, an 11MW saturated steam solar towgegr,onamed PS10, has been operating
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in Andalusia in Spain. This was the first commdrst@ale solar tower project in Europe. So-
lar Tres is another project under development iairspased on a molten salt central receiver
system. In November 2008, the Spanish engineeongpany group SENER announced the
start of its construction. /PS 2008/ Dish/Stirliteghnology with proposing modular systems
of relatively small size (between 5 to 50 kW) idl & the development phase. This technol-
ogy will be implemented primarily for a decentrakizpower supply. The 5SMW Kimberlina
Solar Thermal Energy Plant will be built in Bakee&d, California. This project uses Ausra's
linear Fresnel reflector technology. Another lin€aesnel solar power plant named Liddell
Power Station is currently operating in the HuMalley, New South Wales, Australia.

The average annual load factor of a solar only @l&Rt without thermal storage is approxi-
mately 1800 to 2500 full-load hours. In addition@aEP technologies can operate with ther-
mal storage and hybridized or combined cycle systemorder to increase and secure the
power dispatch. For example, the 15 hours of madt@h storage in the Solar Tres project
increase the capacity factor by 64% without fos#l hybrid operation. A number of Inte-
grated Solar Combined Cycle (ISCC) projects thats@ar and natural gas as energy source
are currently under development, for example, igefl, Egypt, India, Italy and Morocco.
/CEC 2007/ The following figure illustrates the otes, which have already built or have
announced large-scale CSP plants. /EPI 2009/

Current CSP Project Development

20 MW Algeria
20 MW Morocco
1740 MW Spain
52 MW Greece
30 MW Egypt
250 MW Israel

o b W N B

Ger’n.ﬁn*:.g:‘
: a’."zi‘ f“.%?% @n& '
N - 5 ¥ 100 MW S
7‘#&"')‘7’ P \') k%
il

® 210 MW Australia
®100 MW South Africa

/ . ) }
: B . I
:{ * Countries with Published CSP Feed-in Tariff .

Figure 3-2: Current large-scale CSP projects global
In the following sections the projects of major C8Ehnologies will be described in detail.
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3.1 Parabolic Trough Projects

Parabolic trough plants are considered to be thst @@nomical and the most mature CSP
technology available today. The cumulative insthltapacity of parabolic trough power
plant accounts for over 97 percent worldwide /SaliM 2009/. This chapter will provide a
review of all operated commercial projects usirayiyh technology. In particular, the 50MW
Andasol 1 plant in Spain will be described in detai

3.1.1 Commercial Activities
The table below lists the current commercial palialimough plants operated globally.

Table 3-1 :Commercial parabolic trough plants worldwide (staiuli 2009)

Name Location Capacity Technology Developer

Operational

SEGS California, USA | 354 MW Trough FPL Energy

Nevada Solar One| Nevada, USA 64 MW Trough Acciona Solar
Power

Andasol 1 Spain 50 MW Trough + storagg Solar
Millenium

Under Construction

Andasol 2, 3 Spain each 50 MW  Trough Solar
Millenium

Announced

Mojave Solar Park| California, USA | 553 MW Trough Solel

Beacon Solar Pro-| California, USA | 250 MW Trough FPL Energy

ject

Shams 1 Abu Dhabi 100 MW Trough ADFEC

Solana Station Arizona, USA 280 MW Trough + storage Abengoa Solar

Barstow California, USA | 59 MW Trough + storageg Solar MW
Energy

Yazd Iran 67 MW Trough ISCCS* | Unknown

Victorville 2 California, USA | 50 MW Trough + storage City of Victor-
ville

Kuraymat Plant Egypt 40 MW Trough ISCCS Iberdrola

Ben Mathar Plant | Morocco 30 MW Trough ISCCS | Abengoa

Hassi R'mel Algeria 25 MW Trough ISCCS | Abener

SEGS Power Plants

Since 1984 SEGS parabolic trough power plants withtal capacity of 354MW have been
connected to the Southern California grid. Thelitses have a total collector area of over 2
km2 and cover altogether more than 6.5km? withreglterm availability of over 99%. The
annual electricity output of the SEGS power plagrtsup can reach up to 800 million kWh.
The data of the 9 SEGS power plants are showrabie 3-2 /NREL 2009/
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Table 3-2 :Key data of SEGS power plants

Plant Location | Year of Net Solar Solar Solar Power | Dispatch-
Name Operation| Output |Field Out- | Field Area| Turbine Cycle ability
let Effic. Provided
(MW ) ®) (m?) (%) By
Dagaett 40 bar,
SEGS | ggett, 1985 13.8 307 82,960 315 3-hrs TES
CA Steam
SEGS Il 1986 30 316 190,338 29.4 |40ban < boiler
Steam
SEGS Il 1987 30 349 230,300 306 1200 oos boiler
Steam
SEGS VI 1989 30 390 188,000 375 |100ban < boiler
E— reheat
Kramer
SEGsy |Junction, 1988 30 349 250,500 306 1200 oos boiler
CA steam
SEGS VI 1989 30 390 188,000 375 |100ban < boiler
E— reheat
SEGS VI 1989 30 390 194,280 375 |100ban < boiler
E— reheat
SEGS VIl |Harper 1990 80 390 464,340 37,6 | 10000 e peater
E— Lake, reheat
CA
SEGS IX 1991 80 390 483,960 37.6 rlfr?el;?r, HTF heater

Until recently SEGS were still the largest solaem®y generation facilities in the world.
There are several special incentives for SEGS p@haats to promote the utilization and
widespread use of the new CSP technology:

* Federal and state investment tax credits

» Solar property tax exclusion

» Accelerated depreciation

The SEGS power plants were built by Luz Industded commissioned between 1984 and
1991. After a lapse of over 15 years since the 8ot California systems were commer-
cially deployed, there are now a number of parabtiough pre-commercial and fully-
commercial deployments underway.

Nevada Solar One

The Nevada Solar One project is a 64MW parabatingh system developed and owned by
a subsidiary of global Acciona Energia group: ApoeiGolar Power. On February 11, 2006 it
began its 16 months’ construction and began opeyati mid July, 2007. With an investment

of over 250 million US Dollars, it supplies up t84L million KWh of electricity per year.
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IREW 2007/Table 3-3 provides the technical data of the Nevada Solae @ower plant.
/INREL 2009/

Table 3-3: Major data of Nevada Solar One power plant

Location | Year of Net Solar Solar Solar Power | Dispatch-
Operation | Output | Field Out- | Field Area| Turbine Cycle ability
let Effic. Provided
(MW ) (°C) (m?) (%) By
Nevada Boulder 100 bar,
64 390 357,200 37.6
Solar One City, NV 2007 reheat None

Mojave Solar Park

In July, 2007 Solel Solar Systems announced theldpment of a 553MW parabolic trough
power plant system situated in the Mojave Dese€atifornia that will be completed and
fully operational in 2011. Solel has signed a loagn power purchase agreement with the
California utility PG&E that will bring renewablenergy to 18% of the company's total
power supply in the coming years, and will bringngdiance closer to the California re-
quirement of 20% by 2010. The complete power phatitcover up to 24 km? of land in the
Mojave Desert and use 1.2 million mirrors and 3lilesnof vacuum tubing to capture the
desert sun’s heat. /YNN 2007/

Beacon Solar Project

In March 2008 Beacon Solar, a subsidiary of FloRdaver & Light Energy, filed an applica-
tion for certification with the California Energyo@mission with the intention of construct-
ing, owning and operating a 250MW solar power plarthe Mojave Desert which is called
the Beacon Solar Energy Project. The Beacon Sotge® will use the parabolic trough so-
lar thermal technology which has an approximate Hhkmrror area and 8.1km?2 plant site.
This project costing approximately 1 billion DoBas scheduled to begin construction in late
2009 with commercial operation commencing approxéhyawo years later. /FS 2008/

Andasol Projects

Spain is leading the way in Europe with new deplegita of CSP technologies due to its fa-
vorable feed-in tariff for solar power. Andasolsla 50MW parabolic trough system being
developed by the Spanish ACS Cobra Company whbeasnajority shareholder, and the

German Solar Millennium Group being the minorit@sdholder. The Andasol project is the
first application of parabolic trough power plarging the molten salt thermal storage tech-
nology.

Shams 1

The Abu Dhabi Future Energy Company (ADFEC) of theited Arab Emirates has an-

nounced that it will invest US$400-500 million taildl a parabolic trough CSP plant with a
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capacity of 100MW that is expected to be operatitwyathe end of 2010. The plant called
Shams 1 will be constructed in the town of Madiiayad in the western of Abu Dhabi, and
is reported to be the first of many CSP plantséasét up in the UAE to feed electric power
to the national grid. ADFEC has been authorizedeizelop and execute the Masdar Initiative
of future energy in Abu Dhabi in order to promobe tommercialization of renewable en-
ergy technologies.

3.1.2 Andasol 1-3: Parabolic Trough Plant with Thermal Strage

The Andasol power plants were constructed in thehgwn Spanish province of Granada.
Andasol 1 was the first parabolic trough power plarEurope and is currently the largest in
Europe, when considering its collector area of d¥&l square kilometers. Three power
plants that each with 50MW capacity will be consted in a similar way are planned for this
site. After the entire project is completed, Andasoeble to supply up to 600,000 people
with environmentally-friendly solar electricity arathieve a emission reduction of CO2 by
450,000 tons annually.The following table shows gleeeral technical data of the Andasol
power plant.

Table 3-4: Technical data of Andasol project /SM 2008/

Data about the Andasol-power plants (Data per power plant)

Location

Project names Andasol 1, Andasol 2, Andasol 3

Location 10 km east of Guadix in the municipal area of Aldeire and La Calahorra in the
Marquesado del Zenete region, Granada Province

Terrain approx. 195 hectares (1300m x 1500M), North-South Axis

High-voltage line access Connection to the 400kV line near Huéneja (about 7 km away)

Solar Field

Parabolic trough technology used SkalET

Size of the solar field 510,120 m?

Number of parabolic mirrors 209,664 mirrors

Number of receivers (absorption pipes) 22,464 pipes each measuring 4 m

Number of solar sensors 624 sensors

Annual direct standard radiation (ONI) ~ 2,136 kWh/m%

Solar field efficiency approx. 70% peak efficiency, approx. 50% annual average
Heat storage capacity 285001 salt for 75 peak load hours

Power plant capacity

Turbine capacity 49.9 MW

Annual operating hours ca.3500h

Forecast gross electricity volume about 180 GWh

Efficiency of entire plant approx. 28% peak efficiency, approx. 15% annual average
Estimated lifespan at least 40 years

3.1.2.1 Site Selection
Location
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The site for Andasol projects are selected neaSghanish city of Aldeire in the province of
Granada on the Guadix plateau. The location optheer plants has an average elevation of
over 1,090 meters above mean sea level. The latiteoihole area has been leveled and all
plants and stones those provide shade has beewednithe power plants are sited directly
on the A92 highway and remote from the residemlistrict. The figure below shows the site
of Andasol project.
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Figure 3-3: Location of the Andasol project /Andasol 2008/

Solar Resource

The evaluation of the solar resource for the sitAmdasol projects is due to the measure-
ments on site and the satellite data of the long-teaformation of the site. A Rotating
Shadow band Pyranometer (RSP) Sensor was implech@artéhe on site measuring, which
is a professional instrument used to measure thieafjisolar radiation and the direct solar
radiation. The sensors are monitored regularlyh®y German Aerospace Center (DLR) to
insure their accuracy. The local measurement pesvalso the data of ambient temperature,
humidity, wind direction as well as the wind spegdneteorological stations, which started
operation in March 2000.
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Figure 3-4: Monthly total direct radiation at the site of Asdéproject /SM 2008/

The graph above illustrates the solar radiatiomeslat the site of Andasol project. Besides
the on site measuring, satellite data contributegrovide a long-term value of the solar ra-
diation for the project site. Based on the datasuesd on site and from the satellite the direct
solar radiation at the site of Andasol power plaats average value of 2,144 kWh/ (mz2ea)
was estimated.

Water Availability

Spain is possessed of an above average water la@irgilaThe selected site of the power
plants is surrounded by the Sierra Nevada moumgaige and owns extensive underground
water resources. The water consumption of Andaswiep plants is estimated to be approxi-
mately 870,000 m3 per year, among them water useddoling in the cooling towers ac-
count for the largest part. And the water requinetme€an be met through the use of ground
water extracted from wells at the power plant’s.sit

3.1.2.2 Power Plant Components

Each of the three Andasol power plants has an @frd®5 hectares, which approaches to
2km? and is in a north-south orientation. The 312 paliatirough collector rows in the solar
field of each power plant are possessed to an afremound 0.51km The absorber tubes
used as the receiver in each power plants accaunadproximately 90 kilometers. /SM
2008/

The figure below shows a whole view of power plantlasol 1 with solar field, power cy-
cles, storage tanks and other supporting infrastrec
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Figure 3-5: Parabolic through power plant Andaosl 1 /SM 2008/

Collectors

The 150m collector used in the Andasol parabobtidh power plants consist of mirrors,

absorber tubes and the steel support structures.slipporting structure is attached to the
ground with a steel pylon. The sun- tracking merogflect the solar radiation onto the ab-
sorber tubes. This solar tracking system adjustdilector through the use of the hydraulic

drives along a north-south single axis. The prenisif the tracking system can achieve
0.1mm and is controlled by computers in the contooilm. Those computers gather the in-
formation from each collector individually and ditehe orientation of collectors automati-

cally. The collectors were designed to tolerateesme weather conditions. For instance, the
wind load that the solar field can withstand atiatim 13.6 m/s (about 49 km/h).

The 4mm thick, white parabolic glass is implemeritethe mirrors of the collector and out-
side this back-silvered glass there is a protedayer. According to the Flabeg Group, the
mirror supplier of Andalsol power plants 1 and [2e used RP-3 mirrors have two typical
sizes of 2.79 and 2.55m2 and have a reflectivitplmdut 93%. Each power plant utilizes a
total of nearly 201,000 mirrors in their solar éieFor Andasol 3, Rioglass Solar S.A. will
supply the parabolic mirrors. /SM 2008/

Receivers

Absorber tubes were specially designed for theiegjobn in parabolic trough power plants

as receiver. The receivers used in the Andasol pplaats are provided by Solel Solar Sys-
tems Ltd. of Israel and Schott Solar AG, GermanSolel has years of experience in the
manufacture of absorber tubes and has alreadydweo\the absorber tubes for the parabolic
trough power plants established in the late 19B0€alifornia. Schott has developed in re-
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cent years new material for absorber tubes of mdicatrough power plants, which allows the
absorber tube to tolerate much greater temperditfezences, increases the solar absorption
and reduces the reflection from the metal pipe.

The Schott absorber tubes are made of 4m longletaisteel pipes with multi-coating. At
the operating temperature of around 4000C it cdrieae an absorption ratio of 95% and
maintains a thermal radiation of 14%. Approxima@2®500 absorber tubes are implemented
in each of the Andasol power plants.

Power Cycles

Similar to the conventional fossil fuel fired powplants, the power cycles of parabolic
trough power plants are composed of turbines, gémex and other auxiliary facilities. An

advantage of the 50MW turbine for Andasol powemnpla characterized by its specifically
design, which ensures the daily smooth start-upstwod down of the turbine. For Andasol 1
and 2 Siemens produced the turbines and for Andas&AN Turbo will be the turbine sup-

plier.

Storage System

To allow the power plants providing scheduled pqwiee Andasol power plants utilize the

thermal storage system that the plants can work @vebad weather or at night with ap-

proximately 28,500 tons of molten salt for maximuré hours. The molten salt thermal stor-
age system operates at atmospheric pressure amatls of two tanks each power plant. The
storage tank has a height of 14m and a diamet&6wof. During the function process, the

temperature of molten salt mixture in the cold tankounts to about 2900C of and is raised
to 3900C in the hot tank. Figure below shows the-tank molten salt thermal storage sys-
tem used by Andasol 1.
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Figure 3-6: Two-tank molten salt thermal storage system /SBB20

3.1.2.3 Operation

In the Andasol power plants, the collectors ingbéar field follow the sun course in the day

and they are controlled by the high-precision stacking system. The sun light is reflected

on the receiver and heat the HTF (synthetic odwfhg through the absorber tubes. The
thermal energy within this HTF can directly driveetturbine and generator or it can be stored
in the thermal storage system. The following figuhestrates a basic operation shame of
Andasol plant.
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Figure 3-7: Basic operation shame of Andasol 1 /New 2009/

At midday during maximum sunlight, electricity ismgerated and simultaneously the storage
system is charged. The heat within the HTF is serthe molten-salt fluid as the thermal
storage medium. During the process that the mal#dtnis pumped from a cold tank to a hot
tank, thermal energy will be collected until the tenk is completely filled.
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When the intensity of the solar radiation is nobisg enough, heat is only used to produce
electricity but no longer transferred to the steragstem. When there is no sunshine or in the
evening, the solar field stops working and thertiarstorage system begins to discharge to
run the power cycle continuously, so that the Anta®wer plants can dispatch the power

demand at any time. To maintain the liquid statthefHTF in the receiver and storage salt in

the tanks, gas fired heaters are auxiliary inglalle
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3.2 Solar Power Tower Projects

To date, most solar power tower plants were buitt are operating as demonstration plants
except for the 11MW solar tower plant PS10 in Sphirthis chapter, the major projects of
demonstration plants as well as the commercial R& discussed.

3.2.1 Projects Overview

In the past, several solar tower power plants hmeen realized within R&D projects spon-
sored by public money and industry. In the follogvsections descriptions of some of these
research plants are presented.

Solar One

Solar One is a 10MW solar tower power plant thas wperated in the period from 1982 to
1988 in the Californian Mojave Desert. It succelbgfproved the possibility of the large
scale power generation contributed by solar tovi@ntp. At the receiver, Water was imple-
mented as heat transfer medium. The major diffjoidvealed by the Solar One was the con-
tinuous operation during cloudy days. Beyond tktag, efficiency of electricity generation
depends to a high degree on the water/steam tueevee technology, which can be opti-
mized through the molten salt volumetric receivers.

Solar Two

With the aim of solving the problems shown by tlidas One plant, the Solar Two plant em-
ployed molten salt (40% of KNO3 and 60% of NaNOS}lee HTF and heat storage medium.
As a result of the implementation of thermal steragstem, it is more independent from the
availability of solar radiation. The functional gche of the Solar Two tower power plant is:
The cold salt is pumped into the receiver, whiclnsunted on the top of the tower and is
heated by the concentrated solar energy. Thenniioived to the hot tank, from where the hot
salt is transferred to a steam generator to proéiesgricity. Following this, the cooled salt

returns to the cold tank. Solar Two has an elattrapacity of 10MW and can operate for

up to three hours without solar radiation due totttermal storage system.

Phoebus/TSA/Solair
Phoebus/TSA/Solair is a solar tower power plantleygal the open volumetric air receiver
technology. This plant was operated from 1993 @71®ith a thermal capacity of SMW.

At the power plant, the hot air generated by tleeiker is transferred to the steam generator
and provides the superheated steam that can dvevéutbine/generator unit and produce
electricity. In order to generate power at timeshaut sunlight, an additional natural-gas-
fired turbine is implemented. The Phoebus solaretoplant is characterized by its low ther-
mal inertia of the system that can ensure the d@st-up of the power plant. In the further
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approach this concept will simplify the plant sttre and optimize the heat transfer of fluid
air.

PS10

Due to the positive experiences using the Phoel4gSolair System, a 10MW solar tower
power plant PS10 began to design and construdteeisouthwest of Spain in 2004 and has
been operational since 2007. Different from Phoetyssem PS10 employs a tube saturated
steam receiver which consists of four tube panels the size of 5.36 x 12.0m and heats
steam at 40bar to 2500C. The receiver is situated tower of approximately 110m high.
The heliostat field of PS10 consists of 624 facaibs/metal heliostats with the type of
Sanlucar 120. Each heliostat has a mirror surfdcE2dm?2. The thermal storage system of
PS10 solar tower power plant allows the plant 30operation at 70% of its load without
solar radiation. /FTPR 2005/

Solar Tres

The 15 MW Solar Tres solar tower power plant isgiesd and constructed based on the op-
erational experience of the plant Solar Two (usalj as heat transfer and heat storage me-
dium). As a result of that this power plant was edrolar Tres, the Spanish of Solar Three.
A molten salt tube receiver is equipped in the Sdl@s plant using salt as HTF and heat
storage medium. The designed thermal capacityeofebeiver is 120MW. The heliostat field
of Solar Tres consists of 2,494 faceted glass/nmteghbstats with simplified design. Each
heliostat uses highly reflecting mirrors with afage size of 96m2. In additional, the thermal
storage system of the power plant can maintainranalooperation for 16hours on cloudy
days and at night. /Kaltschmitt et al. 2007/

3.2.2 PS 10: An 11MW Solar Tower Power Plant in Southerrspain

The PS10 solar tower power plant has an electrizayacity of 11MW and is located at
Sanlucar la Mayor, southern Spain. This power piarihe first commercial concentrating
solar thermal power plant using solar tower tecbgylof the world. In Europe, it is also one
of the largest solar power plants.

The PS10 power plant started its construction me2004. The heliostats using mobile mir-
rors controlled by dual-axis solar tracking systemmcentrate the sunlight onto the top of a
tower with the height of 115m. The receiver mountedtop of the tower creates saturated
steam and transfers it to a conventional steamnexttpenerator unit that produces the elec-
tricity. PS10 solar tower plant can produce elettfriof around 23GWh annually and deliver
it to the grid.
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3.2.2.1 Location

The PS10 plant is constructed in the town of Samllec Mayor, which is located 25km west

of the Spanish city of Seville. PS10 is the firktrp of a plants set to be constructed in the
same area developed by the company Abengoa SdlaheAplants belong to a large solar

project called Plataforma Solar de Sanlucar la Ma®&SM. The figure below shows the

planned location of PSSM.
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Figure 3-8: Location of solar tower plant PS10 /FTPR 2005/

The location of PSSM is selected in one of areashhs low cost of solar electricity genera-
tion in Spain due to the high solar radiation ali a&the availability of suitable land.

3.2.2.2 Power Plant Components

The technical data presented in this section isiiypan accordance with the final technical
report of PS10. /FTPR 2005/

Heliostats Field

PS10 heliostat field is composed of 624 heliodtats total reflective surface of 75.216mz2. It
is arranged in 35 circular rows around the towaicHheliostat, of the Sanltcar 120 type, is a
mobile 121m?2 curved reflective surface mirror tkahcentrates the solar radiation onto a
receiver placed on top of a 100m tower. For thippse, every heliostat is spherically curved
so that its focal point is at a distance equah&dlant range to the receiver. The figure below
shows the frontal view for a Sanlucar 120 heliog5A 2004/

The Sanlucar 120 heliostat consists of 28 curvedonsi with high reflectivity. With the aims
of minimizing the losses caused by cosine effd@dewing, blocking, etc, the heliostat field
is designed with the use of computational procexlaral simulation tools. This is the reason
why the losses due to, for example, shadows arckblare lower than 4.5% every year.

The angle of heliostats is adjusted with the du#-aolar tracking system that inclusive the
mechanical drives on each heliostat and the lamatral system. This control system has two
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major tasks. First, it gathers information of swsigon, for example the azimuth and eleva-
tion angle of the sun, with high accuracy. Secdhd,current information of heliostat posi-

tion is detected and compared with the requiredtipas Based on the calculation result of

the control system, the heliostats are tilted t@ppropriate angle by the mechanical drives,
thus the sun light is efficiently reflected onteceeser.

Tower

The tower design has been undertaken with the &iobtaining a great visual effect for the

big tower of 115m high. For this reason, the toas a thin body of 8m and for supporting
the 14m receiver, it is 18m wide. In the middletpabout half height of the tower has been
hollowed out so as to obtain a lighter body. Aneslation platform has been planned to
construct at a height of 30m in order to have adgsight of its heliostat field in the north of

the tower and the 1.2MW Sevilla photo voltaic powkmt in the south. The tower has been
constructed in the period of August to November220the figure below shows the designed
view and final view of the PS10 tower.

Figure 3-9: Tower of PS10 /FTPR 2005/

Receiver

The tube saturated steam receiver of PS10 plambisted on the top of the tower with a
cavity concept that can reduce the radiation amy@ction losses. The receiver is exposed by
4 vertical panels with each one 5.40m wide andQ®.@igh, which has a total heat exchange
area of approximately 260m2. The 4 panels are edraty a semi-cylinder with the radius of
7.00m. At the full load operation of the PS10 reeei the solar radiation can be received
with the peak power of 650kW/m2 and at the same tiaver 100.000kg/h saturated steam
can be produced at 40bar, 250°C.
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For the purpose of ensuring the operation at plessilgh temperature, special steel alloys
have been implemented in the receiver. With thesafrproviding the energetic calculation,
performance information as well as the temperaflaem, calorimeters and thermocouples
are employed for the flow and temperature measuresyad the receiver.

Power Block

The turbine of PS10 plant works at 250°C, 40bar itk saturated steam as operating me-
dium. After the turbine-generator unit, steam isled by a water-cooled condenser at low
pressure. Out of the condenser steam is preheatedhe turbine extractions. Afterwards,
the steam from the first preheater is moved to aeddor and is heated with steam from a
different turbine extraction. Then, the third amhf preheater with steam from the receiver
preheated the steam once more. As a result, ther veahperature is raised to about 245°C
and is sent to the receiver again.

Thermal Storage Tank

For briefly cloudy periods during the day, the P$lint is operated with a 20MWh saturated
steam thermal storage system. At 50% turbine Its®thermal storage system can provide
the plant operation for 50 minutes. This thermalaje system consists of 4 tanks and is
loaded during the full load operation in abundasiausradiation sequentially. When there is
no sufficient sunlight, energy from the thermalrat®e system will cover it at a pressure from
the designed minimum pressure to 40bar and thetuxlill be driven at 50% workload. The
figure below illustrates the thermal storage systémS 10 plant.

Figure 3-10: Thermal storage tanks of PS 10 /FTPR 2005/
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3.2.2.3 Operation
The figure below illustrates the system desigrhefRS10 power plant. /EC 2007/

Cream - _ Generator
team Turbine  11.0 Mwe
Drum 40 bar, 250°C

B
D

Steam Storage System

Condensator
0,06 bar, 50°C ',:
&

Solar Receiver

Heliostat Field

Figure 3-11: Basic system design of solar tower plant PS 1®PHR2005/

With the clean heliostats and wind speed lower taproximately 36km/ h, PS10 can be
operated smoothly. During full load operation, theeiver on the top of the tower can accept
and transferred the concentrated solar radiatioim &thermal capacity of about 55MW. Dur-

ing cloudy periods, the thermal storage systenhefpiant provides the energy to the turbine
and run it at 50% workload. In additional, natugas-fired backup plant can also supply 12%
to 15% of its capacity. The 11MW PS10 solar towawer plant has an annual capacity of
24.3GWh and achieves a total solar to electridiigiency of around 17%. /AS 2009/
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4 Cost Status of CSP

For the widespread use of CSP as a large scal&i@lycgeneration technology, costs will
play an important role. In the current CSP projettts cost of electricity generation through
CSP is much higher compared with the cost of e@@trgeneration through conventional
technologies. However, with large scale implemewadnd technological advancements, the
cost of electricity generation from CSP is expedtedecrease continuously.

According to a study of renewable energy made byHEA, the current CSP technology sys-
tems are implemented in the cost range of 0.19%/kWVB.25%/kWh. In the conventional
power market, CSP competes with mid-load power hie tange of 0.037$/kWh to
0.05%/kWh. As different scenarios have predictbd, dosts of CSP can be reduced to com-
petitive levels in the next 10 to 15 years. Contpetness is affected not only by the cost of
the technology itself, but also by potential pricereases of fossil energy and by the inter-
nalization of associated social costs, such asooagimissions. Therefore, it is assumed that
in the medium to long term, competitiveness will dzhieved at a level of 0.05%/kWh to
0.075%/kWh for dispatchable mid-load power. /IEA80

According to another report prepared by Electrisv®oResearch Institute, when the global
cumulative capacity of CSP implementation reach®¥v4the cost of electricity generation
from new plants in 2015 could be as low as 0.08%ikiominal 2015 dollars) or nearly
0.05%/kWh (real 2005 dollars). /EPRI 2006/

To analyze and compare the cost of different C8Rni@ogies an explanation of the meth-
odology for levelized energy cost calculation andoaerview of CSP cost will be given in
this chapter.

4.1 Methodology for Calculation of Levelized Energy Cos

41.1 Definition of Levelized Energy Cost

Levelized Energy Cost (LEC) is defined as the totat of a system over its lifetime divided
by the expected energy output over its usefulitifet LEC includes all costs through the
lifetime of a plant including the initial investmigroperations and maintenance, cost of fuel,
and cost of capital. It is a measurement of theé ocbproducing energy from a technology
and is an important parameter to gauge the comalesiaibility of any electricity generation
technology. The LEC is the minimum price at whialemy must be sold for an energy
project to break even.

4.1.2 Methodology
The methodology employed in the calculation of L is based on a simplified IEA me-
thod /IEA 1991/. The goal of this thesis is the pamson of different CSP technologies,
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therefore any project specific data (e.g. tax ifices, or financing conditions) are neglected.
The approach is kept simple, but will be appropriat perform the relative comparisons ne-
cessary to quantify the impact of different inndmas. For each reference systerior ex-
ample Fichtner database, S&L study, a detailedop@dnce and cost model has been de-
signed using Microsoft Excel and it is presentedmppendix B andAppendix C. Due to the
simplified calculation method, there are slightfeliénces between the results of the LEC in
this thesis and in the referenced studies, althdliglsame technical data are used.

This simplified IEA method is a procedure of claasi dynamic investment calculation. The
present value of an investment is distributed thhowt the service life, so that the payment
sequence from deposits and disbursements is cedviro the so-called annuity. Thus ra-
ther than the total goal value being determinesteid it is the goal value per period. The
annuity is calculated by the multiplication of ttmtal investment cost Cinvest and the capital
recovery factor crf. The total investment cost estssof the cost of site works, solar collec-
tors, receivers, power block, HTF system and otieenponents. The breakdown of total in-
vestment cost will be described in the followingtgens.

As previously described the LEC is the sum of theual operation and maintenance costs
and the product of the capital cost multiplied bg fixed charge rate. The total annual costs
are the sum of the annuity and annual operationnaaidtenance costs. And the LEC is de-
termined by the quotient of the total annual casid the annual net electricity output.

LEC - Crf * Cinvest+ CO&M

net

crf : capital recovery factor

Cinvest: total investment cost of the plant

Coeam : @annual operating and maintenance costs
Enet: @annual net electricity output

A capital recovery factor is the ratio of a constannuity to the present value of the total
investment cost of the plant.
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crf = I<d (1+ kd )“
(1"' K, )n -1

kq : real debt interest rate = 8%
n: life time = 25 years

The life time is defined as the useful life of thmjor technology components which are
usually within a range of 20 to 30 years. In tlisearch a 25-year life time and an 8% inter-
est rate are assumed.

4.2 Overview of CSP Costs
42.1 Parabolic Trough

4.2.1.1 Investment Cost
The total investment cost of a parabolic trough @oplant includes several major cost com-
ponents. In related studies prepared by differemipanies or research institutes the major
cost components are classified into different aatieg. This research focuses on 6 major cost
components:

e Support Structure

* Receivers

* Mirrors

» Solar Balance of Plant

* Power Block/ Balance of Plant

* Thermal Storage

The remainder of this section discusses the coghése 6 major components based on five

projections from Fichtner and Sargent & Lundy st(@&L study). /S&L 2003/
/S&L 2009/ The technical data for these five prafats are shown ifable 4-1

Table 4-1: Technical data for S&L and Fichtner projections
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Sargent & Lundy

SEGS VI | Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage | No Storage Storage Hybrid
Collector area km?2 0.188 0.496 0.767 1.11 0.58
Electrical ca-
, MWe 30 50 100 100 100
pacity
Capacity factor % 22% 47% 33% 51% 25%

Annual elec: GWh/
tricity output yr

58 206 290 451 223

As shown inTable 4-1, SEGS VI is an operational trough power plant wji#ts fired back up
situated in the USA. The other four projectionsatestimated or planned deployments.

Support Structure

The structure consists of the metal support sysikthe collectors which consist of the py-

lons and reflector support elements. Thus, thd pteee exerts a great influence on the cost
of this part. Wind loads during maximum wind spediasate the required strength of these
units. Recent wind tunnel testing has provided owpd data for use in optimizing the struc-

tural design, and reducing the weight necessarlpfag-term reliability.

The costs of support structure according to thétRer database, S&L study are shown in
Table 4-2

Table 4-2: Cost of support structure for parabolic troughvpr plant

Sargent & Lundy ‘ Fichtner ‘
2003 \ 2008 \ 2008
Trough Trough
SEGS VI | Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage | No Storage Storage Hybrid
Sopport
PP $/m2 67 67 171 172 160
Structure
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As a result of the significant rise in the pricestdéel from the year 2003 to 2008, the cost of a
support structure for the parabolic trough powemnplhas increased approximately 2.5 fold
during this period.

Receivers

The receivers are a major contributor to trouglarséield performance. As a result of the
utilization of different receivers from varied mdacturers and various models, there is a
discrepancy in the costs between projects.

TheTable 4-3shows the costs of receivers used in differeniepts.

Table 4-3 : Cost of receivers for parabolic trough power plant

Sargent & Lundy

Trough Trough
SEGS VI | Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage | No Storage Storage Hybrid
Receivers $/m2 43 43 53 53 60

There are only two suppliers of receivers for tla@apolic trough power plant: Solel and
Schott. The scale of production of receivers hdargad although not very much in the last
five years. Furthermore, a lack of competition &igh demand will maintain the high price
of the receivers in the short term. As showfable 4-3 the price of receivers was raised to
60 $/m2, one-half of the price in 2003.

Mirrors

Currently there are only three suppliers of mirrtws parabolic trough solar power plants
worldwide: Flabeg GmbH & Co. (Flabeg), RioGlassi &aint Gobain. With many activities
related to CSP projects in Spain, there is highatehfor the supply of mirrors, and so the
cost of mirrors will remain high in the short terfrthe data from the Fichtner and S&L study
are shown in the following Table.

Table 4-4 : Cost of mirrors for parabolic trough power plant

Sargent & Lundy ‘ Fichtner
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Trough Trough
SEGS VI | Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage | No Storage Storage Hybrid
Mirrors $/m?2 43 40 63 63 60

From 2003 to 2005 there was little improvement asmproduction and competition between
manufacturers. Due to the continuous high demaaddist of mirrors for a parabolic trough

power plant did not drop but instead increased fafi$i/m2 to 63$/m2. With more projects

starting in the near future, new additional mimeoanufacturing facilities and glass manufac-
turers are expected to enter the market.

Solar Balance of a Plant

The solar balance of a plant (Solar BOP) consisteeremaining systems, components and
structures that comprise of a complete solar fsglstem that are not included amongst the
steel support structure, receivers and mirrors.imkgiance:

» Solar tracking system

* Heat Transfer Fluid (HTF) system

* Interconnection piping

» Electronics and others

The costs of a solar balance of a plant are shawimei following table.

Table 4-5 :Cost of solar balance of a plant for parabolic gffopower plant

Sargent & Lundy H Fichtner

2003 \ 2008 H 2008

Trough Trough
SEGS VI | Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage | No Storage Storage Hybrid
Solar BOP $/m2 234 250 141 141 150

The cost of parts has sharply decreased in théivasyears thanks to the Research & Devel-
opment (R&D) of the solar tracking system, the Hystem (new medium of HTF, higher
temperature of HTF) and other components. Basecbatinuous R&D the cost of the solar
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balance of a plant for a parabolic trough powenpla expected to steadily decrease over
time.

Power Block/ Balance of Plant

The power block is the combination of the stearbitwr and generator, the steam turbine and
generator auxiliaries, and feedwater and condersgiems. The balance of plant (BOP)

costs include the cost for the general balancaeptant equipment, the condenser and cool-
ing tower system, the water treatment system piictection, piping, compressed air systems,
closed cooling water system, plant control systetactrical equipment, and cranes and

hoists. The costs of the power block and balangeaoit are shown iable 4-6

Table 4-6: Cost of power block and balance of plant for paliabmough power plant
Sargent & Lundy Fichtner

2003 2008 2008

Trough Trough

SEGS VI  Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage = No Storage Storage Hybrid
Power Block
IBOP $kWe 527 306 1183 1183 2500

In the last five years and in the near future s@ueanced but cost intensive technologies
have been used or are planned to be used in C$&ttsrd-or instance, instead of a water
cooling system, air cooling facilities are employiadwater-deficient areas such as deserts.
Moreover, because of the price increase of coneeatienergy generating and the balance of
plant equipment the capital costs have shown aiwgagsowth. As a result of the current
state of the power block mentioned above, its figate from Fichtner has increased signifi-
cantly compared to 2003 prices.

Thermal Storage

The capacity and type of thermal storage have fsignit impact on the total investment re-
quired for the CSP power plant and are key conatater in cost reduction. Based on infor-
mation from the S&L study the detailed costs of ¢herently used two-tank thermal storage

system are illustrated ifiable 4-7. /S&L 2009/

Table 4-7: Break up of two-tank thermal storage cost
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Components $/kWeh $/kWth

$lkwe | $/kwt
Tanks 16.30 5.70 97.80 34.20
Pumps 19.18 6.71 115.08 40.26
Heat Exchanger 17.07 5.98 102.42 35.88
Instrumentation 1.25 0.44 7.50 2.64
Piping 6.15 2.15 36.90 12.90
Structural Steel 2.17 0.76 13.02 4.56
Insulation 11.71 4.1 70.26 24.60
Electrical 6.49 2.27 38.94 13.62
Concrete 3.2 1.12 19.20 6.72
Storage Media 43.95 15.38 23.70 92.28
Total 127.47 44.61 764.82 267.66

For 6 hours the two-tank indirect thermal storamaltcost is 764.82 $/kWe (267.66 $/kWHt).
An overview of the thermal storage costs from tigd Seports is shown in the following
Table.

Table 4-8: Cost of thermal storage for parabolic trough poplant

Sargent & Lundy Fichtner
2003 \ 2008 2008
Trough Trough
SEGS VI | Trough 50 Trough 100
100 100

Power Plant

Hybrid Storage | No Storage Storage Hybrid
Thermal Stot

$/kWe - 958 - 765 -

rage

Until now thermal storage systems have not beerelywidsed in CSP projects due to its

higher costs and solar collector area. To reduedtiarmal storage system capital costs the
HTF and storage material will be optimized for nmaMim steam cycle efficiency and storage

compatibility. As an example the HTF temperaturexpected to increase from the current
400C° to 500C° to improve the power cycle efficigramd reduce the further the costs of

thermal storage.
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Total Investment Cost

To summarize the information in this section th&ltinvestment costs based on S&L and
Fichtner project are illustrated Trable 4-9

Table 4-9: Comparison of total investment cost for parabobeigh power plant

Unit Sargent & Lundy Fichtner

2003 2008 2008 \

Trough Trough
SEGS VI | Trough 50 Trough 100
100 100

Power Plant

Hybrid Storage | No Storage Storage Hybrid

. M$ 92 254 447 671 559

Total invest;
mentcost | guwe| 3052 5073 4471 6708 5504

From this table the total investment costs for ealpalic trough power plant are currently
between 4500 — 6700 $/kW. The costs for the additibybrid and storage facilities are still
relatively high but will decrease into the future.

4.2.1.2 Operating & Maintenance Cost
The operating and maintenance (O&M) costs are tloosés associated with operating the
CSP power plant and include the costs for the:

» Solar field

» Power block and balance of plant

» Water and process

» Staffing

» Capital equipment and other miscellaneous equipment

* Spare parts

This section provides a simplified introduction &ach of the O&M costs and an O&M costs
overview of different projects.

Solar Field
The solar field maintenance cost is mainly basedherreplacement rate of mirrors, receiv-

ers, HTF pump seals and other solar field component

Power Block and Balance of Plant
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The O&M costs for the power block and the balantelant cover the costs for the steam
turbine overhaul, generator rewind, maintenancthefboiler feedwater pumps and cooling
tower and other maintenance activities.

Water and Process
Water and process costs are based on the amouhfarse weekly washing of the collec-
tors, cooling water and power plant operating.

Staffing
The staffing costs are based on cost of the foligwd staff groups: Administrative, operat-
ing, solar field maintenance and power plant maiabee.

Capital Equipment and Miscellaneous
The capital equipment is the equipment for opegaand maintaining the solar field and
power plant facilities, for example the HTF evaamatig, mirror wash rig, tractor etc.

Miscellaneous costs include the cost of vehiclé, fegfety & training, travel, the offices, and
first aid equipment etc.

Spare Parts
Spare parts costs are based on 10% maintenancdocaste solar field and the power
block/BOP.

The annual O&M cost depends on the size of the $iela and the electricity generation per
year. For the early years it is relatively low boat 2% of total investment cost. The data are
shown inTable 4-1Q

Table 4-10:Cost of thermal storage for parabolic trough poplant
Sargent & Lundy Fichtner

2003 2008 2008 \

Trough Trough
SEGS VI | Trough 50 Trough 100

Power Plant 100 100

Hybrid Storage | No Storage Storage Hybrid

Annual O&M | $/kWe 63 115 67 78 120
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4.2.1.3 Levelized Energy Cost

Based on the methodology describedSection 4-12the Levelized energy costs (LEC) are
calculated and shown ifable 4-11

Table 4-11:Levelized energy costs for parabolic trough poplant

Sargent & Lundy Fichtner
2003 2008 2008 \
Trough Trough
SEGS VI | Trough 50 Trough 100
100 100
Power Plant
Hybrid Storage | No Storage Storage Hybrid
Annual ne
electricity GWh 58 206 290 451 223
output
LEC $/kWhe| 0.181 0.143 0.168 0.157 0.293
crf: 9.37%

From the table shown above it is evident that #aalpolic trough power plant with a hybrid
operation and thermal storage system is more ¢esttige than the simple solar-only power
plant.

4.2.1.4 LEC for project Andasol 1

In Section 3.1.1.1 a technical review of the faetnmercial CSP project in Europe the An-
dasol 1 was described. As an example in this seetitoeconomic review of Andasol 1 will
be described.

Investment Cost

Based on the Fichtner database the major cost coenp®for Andasol 1 are classified differ-
ently compared to the previous section. The fivgomeost components of the investment
costs are the solar field, power block, civil &ustture, thermal storage system, the HTF sys-
tem incl. solar heat exchangers and other costs.
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Other costs
22%

Solar field
39%

HTF system
9%

Thermal
storage sytem—"
8%

Civil & structure/
4% Power block

18%

Figure 4-1: Major cost components for parabolic trough powanpAndasol 1

Figure 4-1 illustrates the six major cost components forithestment costs of Andasol 1.

Among them the largest contributor to costs isshi@r field with 39%, followed in descend-

ing order by other costs (22%), power block (18PbJF system (9%), thermal storage sys-
tem (8%) and civil & structure (4%).

O&M Cost
The O&M cost in this project is based on the cdsfuel consumption, water for cleaning,
the condenser and power block and other operatidgreaintenance costs.

Table 4-12 provides a summary of the investment cost, O&Mt @gl the end result; the
levelized energy cost.

Table 4-12:LEC for parabolic trough power plant Andasol 1

Andasol 1

Technical Data

Reflector Area kmz2 0.51
Storage h 9
Electricity Capacity MWe 50
Annual Electricity Generation, net GWh 179

Investment costs
Solar field M$ 172




Cost Status of CSP 62

Power block M$ 76

Civil and structure M$ 18

Thermal storage system M$ 33

HTF system incl. solar heat exchanger M$ 37

Other costs M$ 92

Total M$ 428

Specific M$ 8551
$/kWe

O&M Cost

Total M$ 12.8

Specific $/kWe 0.072

Electricity Generation Cost

LEC $/kwWh 0.296

crf: 9.37%

The LEC for Andasol 1 is approximately 0.296 $/kVWs. the project began to operate last
year this result is more reliable.

4.2.1.5 Cost Reduction Prospects

With a comparison of energy costs generated by exional fuels the LEC of parabolic
trough power plant is still quite high. Due to adeed technology, mass production, con-
struction efficiency improvements and scaling ugwifrent capacities the costs are expected
to decrease. The components and cost of repairalad become more cost effective thanks
to technological advancements and competitive gitgmamong spares suppliers.

Technological Advancements

The technological advancements are expected tedlzed by enhancing the efficiency of
the solar field components, optimizing the therrstrage technology and improving the
compatibility of the conventional power block ftwet CSP plant operation.

* To improve the efficiency of the solar field thdleetivity of mirror and the absorber
absorption of receiver will be increased

* Advanced structural design with lower weight andtso

» Through application of advanced HTF (for exampléekL) this will raise the HTF
outlet temperature and the storage efficiency.

* The turbines for the CSP power plant are desigoeadapt to the night-time shut-
down of the plant through the handling of the ragimt and stop times. Otherwise the
reheat solution improves efficiency and reduce®leras with erosion/corrosion and
moisture in the LP turbine. The surplus heat cao &k put into thermal storage to
extend the production time for the plant.
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The figure below illustrates the cost reductionveuirom the year 2007 to 2025 based on an
ESTELA report. The energy sale price of the panaktobugh power plant is expected to re-
duce from the current 26 US cents to about 15 te@025 with a forecasted 3% reduction
rate per year. [ESRELA 2008/
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Figure 4-2: Cost reduction of parabolic trough power planili#t25 /ESRELA 2008/

4.2.2 Solar Power Tower

4.2.2.1 Investment Cost
In this research the total investment costs oflar sower power plant has been classified into
seven major cost components:

» Site development & Infrastructure

* Heliostat field

* Receiver

* Tower & Piping

» Power Block/Balance of Plant(BOP)

* Thermal Storage

* Indirect costs

This section will discuss the investment costs tfegse seven major components mainly
based on Fichtner database and the S&L study i8 20@ 2009. Among these the figures

from the S&L study are estimated for a solar topmject in Spain, Solar Tres.

Site Development & Infrastructure
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Site development is the first step in the constomodf a CSP power plant. It is the site prepa-
ration for the heliostat field and also for theaad the tower, power block & BOP, thermal
storage system and buildings. The activity typicailvolves site selection & planning as well
as land-disturbing tasks such as clearing, exaayaind grading.

These costs also include the land cost and comisinucosts for buildings (power house,
storage depot and administration building) and soadide the power plant and those con-
necting to the main roads. The required land avedhke heliostat field is calculated accord-
ing to the dissertation of Mr. Weinrebe from theiénsity of Stuttgart using the following
formula:

Required land area of heliostat field = collectaea * 1.3 + 0.18 km?

The costs of site development & infrastructure adicg to Fichtner database, Sargent &
Lundy Study are shown ifiable 4-13

Table 4-13 :Cost of Site development and Infrastructure foarstower power plant

Sargent & Lundy Fichtner
2003 2008 2008

Solar Tres Solar Tres Tower

13.65 MW 13.65 MW 47.25 MW
Power Plant

Storage Storage Solar-only

Site
development | $/m? 11.6 - 25.3
/Infrastructure

In the Sargent & Lundy study of 2009 there are atador site development & infrastructure.
The topographic conditions and the price of thelland construction materials are the main
influential factors that impact on the cost of slevelopment & infrastructure.

Heliostat Field
The investment cost for the heliostat is compodettie costs for heliostats (including drive

and foundation), the wiring, process control arskatbly. The solar field for the project So-
lar Tres plans to utilize 2493 glass-metal helisstBach heliostat is 96m?2, which means the
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entire heliostat field has a collector area of R34 TheTable 4-14 shows the investment
costs of the heliostat field.

Table 4-14: Cost of heliostat field for solar tower powermia

Unit Sargent & Lundy Fichtner
2003 2008 2008
Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW
Power Plant
Storage Storage Solar-only
Heliostat field | $/m?2 160 230.6 191.2

In the S&L study 2003 a heliostat price of 160$in#&#s given. Compared with a price of
230.6%/m2 given in the S&L study 2009 the estimgidgde may rise higher. In accordance
with the Fichtner database, for a relatively lasgaled project the heliostat field has a price
of 191.2%/mz2.

Through technical advancements, for example thigtess with better reflectivity, improved
aiming techniques and updated control system maskiped heliostats have great potential
to reduce costs.

Receiver

The heliostat field receiver system is another gdshsive component of a solar tower power
plant. For this cost a figure from ECOSTAR studyswased from the Fichtner project:
151.5%/kWht with a receiver capacity of 155MWht.eTbather two figures from the S&L

study were given with the units of $/m2 rec. area.

Table 4-15shows the investment costs of the receiver syftem solar tower power plant.

Table 4-15 :Cost of receiver system for solar tower power plan

Sargent & Lundy Fichtner
2003 2008 2008
Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW

Power Plant

Storage Storage Solar-only
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280 m2 280 m?2 155 MWth
Receiver

57143 $/m? 121680 $/m? 151.5 $/kWth

The S&L study 2009 provides a price that is ovacénaas high for a receiver than the price
given in Solar Tres, which is considered a moraarable price. Through the reduction of
heat losses at the receiver, an increase of tle@vercabsorbance and the scaling up, the cost
of the receiver system is expected to drop in titeré.

Tower & Piping

To support an even larger heliostat field and tibecb more solar energy the tower in the
solar tower power system is designed to be hidraar before:

* Solar Two (10MWe), 90m

e PS 1011 (MWe), 115m

* Solar Tres (13.65MWe), 130m

The investment cost of tower is related to its heand the figure given by Fichtner is calcu-
lated using the following formula:

Height[m]j

Coyper = 552000¢ e[ 100

The tower height in this projection is 150m. Thetsoof the tower and piping are shown in
the following table:

Table 4-16: Cost of Tower & Piping for solar tower power pglan

Sargent & Lundy Fichtner
2003 2008 2008
Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW
Power Plant
Storage Storage Solar-only
Tower &
i $/mz 11.6 21.99 18.9
Piping
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The investment cost of the tower is influenced oy price of the construction materials, and
therefore cost will be different every year. Theipg efficiency will increase due to larger
piping and shorter lengths per kWe in the largdescaroject, ultimately resulting in lower

Ccosts.

Power Block & Balance of Plant

The power block and balance of the plant costsudel the steam turbine and generator,
steam turbine and generator auxiliaries, steamrgtore feedwater and condensate systems,
condenser and cooling tower system, water treatrsxstem, fire protection, piping, com-
pressed air systems, closed cooling water systestrumentation, electrical equipment, etc.
The costs of the power block and the balance opldwat are shown ifiable 4-17

Table 4-17:Cost of power block and balance of plant for stdarer power plant

Sargent & Lundy Fichtner
2003 2008 2008

Solar Tres Solar Tres Tower

13.65 MW 13.65 MW 47.25 MW
Power Plant

Storage Storage Solar-only

Power Block &
Balance o| $/kWe 1397.7 4719.6 1556.6
Plant

The cost reduction for the power block and the rii@@aof the plant can be realized due to the
efficiency increase of the turbine, for example tbkeat turbine with higher operation tem-
peratures, and through scaling up.

Thermal Storage

The Solar Tres solar tower power plant will make ofa large thermal storage system with
16 hours, 593MWth thermal storage capacity. ThétRer project discussed in this research
has no thermal storage design.

Following table illustrates the investment costshaf thermal storage system.

Table 4-18:Cost of thermal storage for solar tower power plant

Sargent & Lundy Fichtner

2003 2008 2008
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Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW
Power Plant
Storage Storage Solar-only
Thermal stof
$/kWt 49 24.9 -
rage

The main components for the current two-tank thérsharage system are the hot storage
tank, cold storage tank and piping. The advancedthl storage concept, for instance the
direct thermocline molten-slat storage system @uce the thermal storage cost signifi-
cantly.

Total Investment Cost

A summary of the information in this section indlugl the total investment costs based on
the S&L and Fichtner project are illustratedliable 4-19

Table 4-19: Comparison of total investment cost for solar top@wer plant

Sargent & Lundy Fichtner
2003 2008 2008
Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW
Power Plant
Storage Storage Solar-only
Total invest; M$ 119 219 214
mentcost | gwe 8753 16905 4534

According to this table the total investment castdolar tower plant is currently from 4500
to 16900%/kW. These costs are much higher thartherparabolic trough power plant of
3000 to 6700%/kW, which was shownSection 4.2.1.1

4.2.2.2 Operating & Maintenance Costs
Operating and maintenance (O&M) costs are thosts @ssociated with operating the CSP
power plant. This includes the costs for the:

» Solar field

* Power block and balance of the plant

» Water and process
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» Staffing
» Capital equipment and miscellaneous
* Spare parts

These O&M cost components have been describedcitioget.2.1.2 and will not be repeated
here.

The annual O&M cost depends on the size of ther $iellal and the electricity generated per
year. The data are shownTiable 4-2Q

Table 4-2Q Cost of thermal storage for parabolic trough poplant

Sargent & Lundy Fichtner
2003 2008 2008
Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW
Power Plant
Storage Storage Solar-only
o&M $/kWh 0.03 0.01 0.05

The power plant with thermal storage can obtairigh lcapacity factor and a large annual
electricity generation capacity, thus the annuaMDéost will be decreased.

4.2.2.3 Levelized Energy Cost
Based on the methodology describedSection 4.12the Levelized energy costs (LEC) are
calculated and shown ifable 4-21

Table 4-21 :Levelized energy costs for solar tower power plant

Sargent & Lundy Fichtner
2003 2008 2008
Solar Tres Solar Tres Tower
13.65 MW 13.65 MW 47.25 MW
Power Plant
Storage Storage Solar-only
Annual ne
- GWh 93 93 116
electricity out-
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put

LEC $/kWhe 0.15 0.22 0.22

crf: 9.37%

From the figure shown above it is evident that,¢heent levelized energy cost for the solar
tower system is around 22 US cent/ kWh. The S&ldgtprepared in 2003 anticipated a
higher scaling factor and a rapid cost reductiarttie solar tower system. Therefore the price
estimated in that study is much lower than theenurprice.

4.2.2.4 LEC for Project PS 10

In Section 3.1.2.2a technical review of the first commercial solawer tower project in
Europe PS10 was given. As an example, an econonei¢igw of PS10 will be described in
this section.

Investment Cost

According to /TEB 2007/ the investment cost for sloéar tower power plant PS10 amounted
to € 35 million (US$ 47 million), with a contriboin of €5 million (US$6.7 million) from the
EU's Fifth Framework Program for research, awafdethe project's innovative approach.

O&M Cost

The O&M cost in this project is calculated basedttva average O&M cost rate of Fichtner
database and the S&L study at 2.5%/yr of total stment costTable 4-22provides a sum-
mary of the investment cost, O&M cost and the easiliit; the levelized energy cost.

Table 4-22:LEC for solar tower power plant PS10

PS10

Technical Data

Reflector Area kmz2 0.075
Electricity Capacity MWe 11
Annual Electricity Generation, net GWh 24
Investment costs

Total M$ 47
Specific $/kwe 4273
O&M Cost

Total M$ 1.175
Specific $/kwe 0.05

Electricity Generation Cost

LEC $/kWh 0.23
crf: 9.37%
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The LEC for PS10 is approximately 0.23%/kWh. Tlieven lower than the LEC of for the
parabolic trough power plant Andasol 1.

4.2.2.5 Cost Reduction Prospect

Due to advanced technology, mass production, aactgin efficiency improvements and
scaling up of the current capacities the energyeggion cost for the solar tower system is
expected to gradually decrease.

The figure below illustrates the cost reductionveuirom the year 2012 to 2025 based on the
S&L study 2009. The levelized energy cost of thiarstower power plant is expected to re-
duce from 0.205%/kWh to 0.076$/kWh with a reductiate at 63%.

LEC ($2008)
25
20.52

£2 -
s \
. 4
15
2 \04
c
% 7.80

5

0 T T T T T T T 1

2010 2012 2014 2016 2018 2020 2022 2024 2026

Figure 4-3: Cost reduction of solar tower power plant unti228S&L 2009/

4.2.3 Cost Comparison of Different CSP Systems

In the previous sections the detailed energy géneraosts of the parabolic trough power
plant and the solar tower power plant have beelyzed Based on the technical and cost-
component data from the S&L study 2009, the eleityrigeneration cost of the parabolic
trough plant with storage is about 28.6% lower thalar tower plant with storage. Based on
Fichtner internal data, the operational commerngiaht Andasol 1 has a higher cost than the
solar tower PS10. This is mainly due to the lowestenput for the solar tower in the Ficht-
ner database than for the real data.

Due to the high potential for technology advancerneerd the efficiency increase of solar

tower technology, it is expected that the costd ddcrease more than for the parabolic
trough technology. Until 2025, the forecast costhef solar tower plant is expected to be over
30% lower than for the parabolic trough plant.
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At present, the technology of the linear Fresnel dish-Stirling are relatively immature and
are still not used in commercial projects. There anly some demonstration plants with
small capacity using this technology. As a regbk, simple and lower- cost design for linear
Fresnel has not met its intended goal. Accordinglata from the Novatec Biosol AG for
1.4MW project Puerto Errado 1 (PE1), the LEC israpjmately 0.386%/kWh, which is 30%

higher than for the parabolic trough system. Thm®equt site is located near Calasparra in the
region of Murcia, Southern Spain.
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5 Pre-feasibility Study of a CSP Project in China

5.1 Background

In recent years with the rapidly growing energy dam more environmental problems and
limited fossil resources in China mean that newiasnable electricity generation options are
required.

According to the EIA, in 2007 the total installddaricity capacity in China was 624 million
kilowatts which was 20% more than in 2006. /EIA@20Meanwhile the total net electricity
generation in 2007 was 3,042 billion kilowatt-hqusdich has also increased by 12% com-
pared with the previous year. /EIAG 2009/ The failog figure illustrates the significant
growth of electricity demand in China from 19802007 with the sharp growth in recent
years.
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Figure 5-1: Increase of electricity generation and instattegacity in China between 1980
and 2007

As a major electricity producer China has also aared a large amount of energy. Based on
the figures for 2006, coal, oil and natural gasehawcounted for 69.7%, 20.3% and 3% of the
energy consumed respectively and the remaining ©&0a8% have come from hydro and
nuclear power. /Li; Wang 2007/ This is illustraied-igure 5-2
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Figure 5-2 Primary energy consumption in China 2006

The most important primary energy resources in €lare coal and oil but these reserves are
of a very finite amount. Ifrigure 5-3 a forecast of the major energy reserves in chama-c
pared to the rest of the world is shown.
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Figure 5-3: Forecast of major energy reserves in china aridenvorld

From the figure above it is evident that the ressrof the three major conventional fossil

fuels, oil, natural gas, and coal will be exhaustethe very near future and even the uran ore
used for nuclear energy will run out in China isdghan 50 years. To optimize the current
electrical power structure and decrease dependam@nergy imports, the increasing use of
renewable energies, such as wind, solar, biomasggbecomes a priority.
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In order to improve the development of renewablergytechnologies and create markets for
renewable energy, the first renewable energy laiaL{Rn China was been approved in Feb-
ruary 2005 and begun to take effect in 2006. Aintmgmplement this REL a target of 10%

renewable energy of the total primary energy comiion by 2010 and 15% by 2020 has
been established.

As a renewable and clean energy source, solar phagrgreat development potential in
China. A long term target of 1000MW energy generattapacity for concentrating solar
power plants will be reached by 2020. Presentlrehs still no large scale commercial CSP
plant operated in China. The only operational destration plant is a 75kW solar tower

plant in Nanjing, Jingsu Province which was bwl2005. This year (2009) China will build

a new experimental solar tower plant with a 1.5Mapacity near Beijing and this will start

to operate next year. /Zara 2009/

In this chapter a prefeasibility study for a 100Matabolic trough power plant and a further
1000MW CSP project will be described.

5.2 Site Selection

To select a suitable site for CSP plants many facsoch as technical, environmental and
economical perspectives must be considered. The sitémg factors are listed ihable 5-1
and will be examined in this section. /Cohen e2@05/

Table 5-1: Main siting factors of concentrating solar powkmp

Siting Factor Requirement

Direct incidence radiation > 1,800kWh/ (m2ea) fazomomical
Solar resource

operation
Land requirement
Area 20,000 - 40,000m?2 per megawatt of electricity gatien
Site topography Flat, slope < 3% (slope < 1% most economical)
Land cover Limited agriculture value

Proximity to transmission-line corridor, naturalsgpipeline and
rail transportation

Infrastructure

Water availability Adequate supply, otherwise dopkng

5.2.1 Solar Resource

The solar resource is the most important sitingofafor a cost effective CSP power plant,
and it is related directly to the energy generafidne. According tdrable 5-1, a CSP power
plant is only economical for locations with morearth1,800kWh/ (m2ea) direct radiation
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(equivalent to approximately 5kWh/(m2eday). Chireldmgs to the so-called sun-belt coun-
tries with parts of western and northern China dgmg with this requirement, se€gure
5-4. Compared with countries at the same latitude,sthlar resource in China is similar to
those in the US and better than in Europe and Japan

I Less than 2
B2 -25
2.5-3
3 = 3.5
3.5 - 4
4-45
4,5 - 5
5-5.5
5.5 - 6
6 - 6.5
6.5 -7.0
MW7 -7.5
M75-8
Ms - 5.5
Mss5 -9
M Greater than 9

== Taklamakan 337,600 km?
w GoBi 455,000 km?

Figure 5-4: Solar resource of China (DNI data with unit: kWim2¢day)) /GENI 2008/

The green and grey lines circled areas in FiguBeae the two biggest deserts in China: the
Taklamakan in northwest China with 337,600km? ane@ the Gobi desert with 455,000 km?.
Both of them have an average DNI of 5.0kWh/(m2sdayat is to say, the solar power in ca.
23,960 km2 of the desert area would be able tsfgadill Chinese electricity consumption
requirements in 2008 (3,450 billion kWh /NBSC 20@ésides, Tibet and parts of Qinghai
and Gansu province also have extremely high DNI land sunlight durations. The solar
resource data from China are describe@iahle 5-2 /EEUSE 2008/
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Table 5-2: Distribution of solar energy resource in China
Annual Annual solar
sunshine radiation
duration (h) kWh/ (m2d)

Equivalent

foreign areas

North Ningxia/ North Gansu/ Southeast India, North

200 - 34 .0-6.
3200 - 3400 °.0-65 Xinjiang/ West Qinghai/ West Tibet Pakistan

North Hebei/ North Shanxi/ South

Jakarta
Ningxia and Inner Mongolia/ Middle g
-32 45 -5, |
3000 - 3200 5-50 Gansu/ East Qinghai/ Southeast Tibet ari](rizznega

South Xinjiang

Shandong/ Henan/Southeast Hebei/South

Shanxi/ North Xinjiang/ Jilin/ Liaoning/ | Washington
2200 - 3000 4.0-4.5 | Yunnan/ North Shaanxi/ Southeast DC areain
Gansu/ Guangdong and South Fujian/ | USA
Jiangsu and North Anhui/Beijing

Hubei/ Hunan/ Jiangxi/ Zhejiang/
Guangxi/ North Guangdong/ South Milan region
Shaanxi/ Jiangsu and South Anhui/ in Italy

Heilongjiang

1400 - 2200 3.5-4.0

Paris and
Moscow

1000 - 1400 25-3.0 Sichuan and Guizhou

5.2.2 Land Requirement

Compared with a conventional power plant a CSPeptaequires more area because of the
large collector area and area for storage. As showrable 5-1 about 20,000 — 40,000m? of
land is required by a typical CSP plant per MW letticity generation. This also depends if
heat storage facilities are used. A CSP plant witltbermal storage system requires ap-
proximately 20,200 (5 acres) of land per MW of atietd capacity, which will increase to ca.
32,000 m2 per MW for a CSP plant with 6 hour thdratarage.

In addition to area requirements, a CSP project lés strict demands on the land slope. A
land slope of less than 1% is the most cost effecnd most efficient. However a land slope
of between 1% and 3% would still be acceptablewmitld cause costs to increase.

Land cover is also an important characteristicsfing of a CSP project. Land used for agri-
culture, commerce and residence should not be deresl as a CSP location. And this crite-
rion is more important for China, which is the mpspulous country on earth. China is the
third largest country in total area behind Russid @anada. However, its arable land area
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accounts for only 10% of the total and China's agerper capita amount of arable land is
only 40% of the world's average. Therefore, thation for the CSP project must be chosen
in wasteland or semi-wasteland. China has wastelaad area of 1.79 million km? (18.6%
of China’s total land area), among which, 13.3%asert, 4.8% is uncovered rock and 0.5%
is glacier and permanent snow. /MLR 2009/ Moshdd tvasteland is located in the western
and northern part for example in Tibet, Inner Mdregand Qinghai, which also has the best
solar resources in China. These areas would babdeiiiocations for large scale CSP projects.

523 Infrastructure

The large scale implementation of CSP technologpires a sufficient grid infrastructure.
For CSP plants built in distant places from thedl@@nter dedicated high-voltage (HV)
transmission lines would be required.

According to the development plan of the nationaleagrid interconnection in China made
by Electric Power Research Institute of China, nlaéion’s total installed capacity of long
distant HVDC transmission will reach 500GW in thesay 2010. The first 10-15 years of the
21st century will be a key period to form a natiahevinterconnected grid. By the year 2010-
2020, a nationwide interconnected grid will be bally established, which will cover all
major regional and provincial power grids with #atdnstalled capacity of about 750GW by
the year 2020. /NI 2007/ The following figures shtive planned nationwide grid intercon-
nection for china in the year of 2010 and 2015-20%fditionally, all existing and expected
HVDC transmission projects until 2020 in China via# listed inAppendix D.
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Figure 5-5: HVDC/AC transmission net in 2010 /NI 2007/
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Figure 5-6: HVDC/AC transmission net in 2015-2020 /NI 2007/

It is worth noting that in this development progréimere are no HVDC transmission lines

built inside West China or between West and Midnahiwhich have the best solar resources
in China. When large scale CSP projects are buithése high solar radiation regions, new
dedicated HVDC transmission lines should also bemptd and built.

5.24 Water Availability

Another critical siting issue is the availabilitywater. For CSP plants water is required con-
tinually for steam generation, mirror washing anastty cooling. If water cannot be supplied
in sufficient quantities, for example in desertiomg, a dry cooling system can also be used.
However, in this case the electricity cost for ph@nt will be raised by some 10%. According
to research by the University of Arizona, for a BBU capacity CSP power plant this would
be expected to consume approximately 2.3 — 2.6omilin3 of water per year. /Avery et al.
2007/

Water resources in China are distributed uneveniyorthern China the provinces face se-
vere water shortage but in the south the wateruresoare relatively affluent. Rivers and
lakes are the major fresh water resources in Chihike in western China over 59,000 kmz2 is
covered by glaciers which are another importantewagsource. Figure 5-5 illustrates the
current distribution of water resources in China.
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Figure 5-7: Water resource distribution of China /See 2008/

5.2.5 Location
Based on the siting factors discussed in the pusvaections three suitable locations for the
CSP plants are considered ($eégure 5-8).

L\,\//A’A/Wisen

nvm:g
B X
?’}Badanjilin

desert

A Lanzhou

Figure 5-8: Selected locations of distribution channels

- Point A in Inner Mongolia: This is located at #2and 111° E between Baotou and Erlian-
haote city, in Gobi desert, 200km away from the H/&unk lines and 400km away from
the load center of the North China power grid aBkn3 away from the Aibugai River. Ac-
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cording to the solar radiation map shown in Figbi#4 this point has an average direct solar
radiation of between 5 and 6kWh/(m2sday).

- Point B in Inner Mongolia: This is located at 80and 101° E in Badanjilin desert 100 km
to the north of Zhangyi city of Gansu province, 180 to the east of Jiuquan city of Gansu
Province. In this area the solar resource has arage of 5 to 5.5kWh/(m2eday).

- Point C of Xinjiang province: This is located4&°N and 93°E near to Hami city and is the
nearest to a grid facility, the distance is abdkr. The solar factor in this area is around 5.5
kWh/(m2eday).

The more accurate solar resources for the thresrtsel locations are acquired from the
RETScreen International Clean Energy Project Ansi$sftware. This data is summarised in
Figure 5-9 and Figure 5-10 with the details preseéim Appendix E. /RETS 2009/
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Figure 5-9: Monthly solar radiation in selected locations
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Figure 5-10: Air temperature and wind speed of selected lonatio

In any of these proposed locations it is geolotydalasible to build a CSP facility. However,
by considering a comparison of the wind speedathtee locations, B and C would be more
appropriate for the CSP plant. Location B and (hlpmissess similar air temperatures, but B
has the advantage in that it is sited near the ¢emder. As a result, it is suggested that point
B is the most suitable place for the large scalP Gfilities.

5.3 System Design

Through consideration of the technology maturityweistment and O&M costs and the local
conditions, in the first phase a 41MW paraboliagio solar power plant with 6 hours ther-
mal storage will be built at the selected locatidfallowing this, more plants will be set up
in the same region and the total design-capacithisfproject will be 1000MW. The follow-
ing table shows the technical data of the 41MW Ipalia trough solar power plant.
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Table 5-3: Technical data of the planned parabolic troughrspbwer plant

Technical data

Electrical capacity 41 MW

Collector area 580,000 m?

Total power plant area ca. 2 kmz2

Thermal storage 6 hours

Annual operating hours ca. 4000 hours
Forecast electricity generation  about 165 GW par ye
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Figure 5-11: Process diagram of the planned parabolic troufgr power plant

As shown inFigure 5-11the solar energy collected by the parabolic réfiescand receiver
will be transferred by synthetic oil. The heat gyewill be transmitted to the heat exchangers
and will then be converted to superheated steam stdam drives a conventional turbine and
then electricity will be produced by the conneajederator.

During the daytime with intensive solar radiatitime thermal energy will be stored by mol-
ten salt in large tanks. In the evening and ondyadays, the stored heat can be returned to
the steam generator and thus driving the turbimeg@merating electric power.

Due to the water shortage in the selected locatigncooling facilities will be used in the
CSP power plant.

For the first CSP plant a 6 hour molten salt thérstaage system is utilized and in the fol-
lowing plants that are built a hybrid operation Icbalso be an alternative. To realize the 24h
energy supply all year round a gas or biogas fitedine will run additionally when suffi-
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cient solar energy is not available. The thermalagje system and hybrid operation give the
CSP power plant the ability to produce not justkdead, but also a base load of electricity.

5.4 Cost Status of CSP Project in China

If the solar thermal power plant is erected in @hlinere are several components or services
that can be obtained directly from the Chinese etadnd these will lead to great cost-
reduction-potential (CRP) for the CSP project inif@h On the other hand there are parts
which need to be imported from countries with testbgy leadership this being due to patent
regulations or a lack of technology in China.

In the following sections the estimated valuesh® tost-reduction-potential for the invest-
ment cost and O&M costs are considered.

54.1 Investment Cost

In general the cost-reduction-potential (CRP) & @SP project in China lies in the lower
costs of steam turbine and the generator setéet nstruction works and civil works. The
method to determinate the CRP is that the price®woifparable products or services in China
are set into a relation to the typical price in &pe/North America. The next table shows the
product or service and the resulting cost redudtators.

Table 5-4: Comparison of costs of relevant products / sesvased CRP
Price Europe

Product / service I'N. America Price China CRP

100 MW STG set 200 $/kW | 68 $/kw? ~1/3
Steel construction works 3 B ~0.3
Civil works ~0.4

Source /FISE 2008F /CPC 20097 /BCIS 2007/ /Baulinks 2006/

Based on various sources listed under Table 5-9ptive of a 100MW steam turbine and
generator set (STG set) in China is approximatelg third of the price in Europe/North
America. The cost reduction potential of steel tatsion works and civil works between
China and Europe/North America can reach 30% aftl &3pectively.

After the application of these CRP, the specifigcestment costs for the parabolic trough
power plant could decrease by 39%. The detailed dashown in the following table and
figure
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Table 5-5: Comparison of major cost components for parabotiagh plant in China and in
Europe/North America

Price Europe /

Components Price China CRP

N. America
Solar BOP ($/m2) 150 150
Steel support structure ($/m?) 160 48 ~0.3
Receiver ($/m2) 60 60
Mirrors ($/m?) 60 60
Power block ($/kWe) 2900 957 ~1/3
Thermal storage ($/kWe) 765 765
Site development ($/m?) 30 12 ~0.4
Specific  investment  cost
11140 6810 39%
($/kWe)
12000 -
W Steel support
| truct
8000 O SPcr)l\:\;:elrJ:Belock
é 6000 - [ O Site development
e O Heat Collection
4000 —  Elements
Mirrors
2000 @ Thermal storage
O Solar BoP

EU China

Figure 5-12: Comparison of cost reduction potential for investitncost

The cost reduction factor of 0.4 for the civil werkiust be treated carefully, as the selected
location for the CSP power plant is usually remantd desolate. Therefore the savings due to
lower wages etc. in China may be compensated fahdéyequirement to build new roads or
a complete new infrastructure in the desert.

The distribution of the investment costs of parabwbugh project as an example (41MWe),
are illustrated irFigure 5-13
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Figure 5-13: Distribution of investment cost for parabolic tréugroject in China

It can be seen that there is CRP in about 35 peotehe total investment cost.

5.4.2 O & M Cost

In the operation and maintenance sector it is pfssible to reduce costs compared with a
plant operated in Europe and North America. Fobmrmon scenario in Europe and North

America O&M costs are usually about 2% of the tatakstment cost per year. In considera-
tion of all cost reduction factors described beldiMs proportion could be reduced to

1.25%lyr.

Figure 5-14 shows the typical costs for O&M of a 100MW parabdtough power plant
with storage in North America. /S&L 2009/
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OStaffing

49% B Solar field
OPower block and BOP
OWater & process

6%

B Capital equipment
OMisc.

B Service & contracts
OSpares & consumables

Figure 5-14: Costs distribution of O&M

Based orfFigure 5-14 it is evident that the largest component of ttl&MDcosts is the staff-
ing costs. The following table shows a comparisbtine staffing costs for China and Germa-

ny.

Table 5-6: Comparison of staffing costs between China and @eym

Staff Germany China CRP
$/h $/h %

Industrial workers 24.5 1.6 94%
Seller 15.5 2.5 84%
Chief secretary 23.3 4.1 82%
Engineer 35.8 6.3 72%
Head of department 47.3 9.8 79%
Product manager 41.6 19.1 54%

For the operation and maintenance costs only tiféngj cost reduction will be considered.
For the calculation of the O&M costs a 72% CRPdnrengineer will be used. Due to rela-
tively low productivity in China, a CRP of 0.3 fetaffing costs has been chosen.

Based on the O&M costs from the Sargent & Lundyd$tin 2009 and the proportion of
staffing costs, a rough 2.5 $M/a cost reductiorssmatedFigure 5-15illustrates the cost
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distribution for O&M in China, it can be seen thiaé cost for the solar field is the largest
component.

OStaffing

B Solar field

OPower block and BOP
OWater & process

11%

B Capital equipment
OMisc.
9% B Service & contracts

OSpares & consumables

Figure 5-15: Cost distribution O&M in China

5.4.3 Levelized Energy Cost

As summarised from the figures shown in the previsections and based on methodology
described inSection 4.1.2 the levelized energy cost of parabolic troughjgobin China is
calculated. (Se@able 5-7)

Table 5-7: Comparison of LEC of parabolic trough plant in EpetNorth America with in
China

Fichtner ‘ China

2008 \2009

Trough 41 Trough 41
Power Plant

Storage Storage
Annual net electrici-

GWh 196 194

ty output
LEC $/kWhe 0.369 0.208
Cost Reduction % 44%

With the utilization of the lower cost of local phacts and staffing, the electricity cost of a
41MW parabolic trough power plant in China is 44ceat lower than that in Europe/North
America.
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Due to technology advances, mass production, aneé mammpetition the cost for the CSP
system will steadily decrease. According to a repbthe CSP industry made by Deutsche
Bank the electricity costs can be reduced by 15%-65til 2020. /DBR 2009/ (See Figure 5-
16)

beyond 50 MW H relative cost reduction

Volume production - 12%
& competition

Total 60%

|

0% 10% 20% 30% 40% 50% 60%

Source: Deutsche Bank Research

Figure 5-16: Electricity cost reduction for parabolic trouglapt until 2020

Based on this expected CRP the costs for furtheaxbpéic trough plants in China are esti-
mated based on the three scenarios described laeldare illustrated iRigure 5-17.

* Case I: 100MW Solar trough power plant, with Chinese mai®&P, project in re-
cent years

e Case Il: 1000MW Solar trough, with Chinese market CRP atmhemics of scale
CRP, project in recent years

* Case lll: 2000MW Solar trough, with Chinese market CRP, enuns of scale CRP
and learning factors, project in 2020
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Casel l 0.16
Case ll 0.14
Casellll 0.12

0.00 0.05 0.10 0.15
$/kWhe

Figure 5-17: Electricity cost for three scenarios in China

In 2020 the electricity cost of 1000 MW paraboliough project in China is expected to be
reduced at 0.12 $/kWhe, which takes only 75% ofctyet for current 100 MW plant.

All of the costs shown above are electricity cagtshe power plant. However, most gener-
ated electricity must be transported and usederidhd centers, for example, from Xinjiang
or Gansu provinces to South China or East Chinaframa Inner Mongolia to Beijing. These
transmission distances are normally a distanc®0km to 2000km. To obtain the electricity
costs at the load center the electricity losse8.56Wh/(kmea) (Fichtner data), the invest-
ment cost for 1000kV HVAC transmission line of apgmately 3,980%/km /TDW 2007/ and
the investment cost for 500kV HVDC transmissionesinof approximately 383,000$/km
/TDW 2005/ must be considered. The result is itatsd in the following figure and detailed
figures are presented Appendix F.
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Figure 5-18: Electricity cost at the load center

For short distance transmission (200km) AC is preteand DC is used for a long distance
transmission of 2000km.

5.4.4 Comparison with PV in China

As another choice for large scale solar energyiegmns, photovoltaic technology (PV) has
the world’s fastest growth and is expected to na&iné high speed of development. Accord-
ing to a recent status report of global renewabbr@gy use, since 2002 the PV production has
been doubling every 2 years and increasing on gedrg 48% each year. At the end of 2008,
the cumulative installed PV capacity reached 15Gwldwide and 90% of the capacity is
grid-connected solar PV.

Due to the large demand, the manufacture of selds and PV arrays has expanded dramati-
cally in recent years. By the end of 2007, theeecter 50PV manufacturers in China and the
annual production capacity has reached 2900MWhényear 2007, Chinese manufacturers
have produced almost 1200MW solar cells and PV nesdand become one of the biggest
PV producers in the world. Despite the large prddaccapacity, the cumulative installed PV
capacity by 2007 was only 100MW, less than 1% efwlorld cumulative installed capacity.
Roughly 98% of the PV production of China has bexgported.

In March 2009 the Ministry of Finance and MinistifyHousing (Urban-Rural) in China has
promulgated the "Implementing the Opinion Concegniine Speeding up the Promotion of
the Use of Solar Energy/PV Power in Buildings" atetided to subsidize a maximum 20
RMB/W for the building of integrated photovoltaiolar energy. /MFMHURC 2009/ This
policy will promote the widespread utilization oWRechnology in China. The following
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table and figure demonstrate the development feteahthe PV electricity generation in

China. /Lu et al. 2009/

Table 5-8: Forecast of PV market in China by 2010 and 2020
2010

Market segment

Capacity
MW

Share
)

2020

Capacity
MW

Rural electrification 80 32% 200 12.5%
Communication & In-
Hnicat 40 16% 100 6.25%
dustry
Photovoltaic product 30 12% 100 6.25%
On-grid PV building 50 20% 1000 62.5%
On-grid PV power plant 50 20% 200 12.5%
Total 250 100% 1600 100%
PV Market Development (MW)
1600 1600
1400
1200F
1000
800}
600}
400+
200+
- - - - - '
2004 2005 2007 2008 2010*  2020*

* The figures for 2010 2020 are estimated
Figure 5-19: China PV market development 2004-2020

The new technology of PV to improve the efficieranyd reduce the costs has also been de-
veloped very quickly. From standard crystallineceih modules newer alternatives include
casting wafers instead of sawing, thin film, concator modules, 'Sliver' cells etc. Due to
competition, and the economics of scale and tedgychdvancement, the capital cost of PV
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has decreased. The PV cost of development in @aiif@nd China is shown Figure 5-20
/Shah 2008/

PV Cost Development in $/kWh

0.60

0.55

B California
0.50 @ China

0.40

0.30
0.30

0.22

0.20 ~

0.10 ~

0.00 -
2006 2009

Figure 5-20: PV cost development in California and China

The sharp reduction of the PV cost from 0.55$/kWR006 to 0.30$/kWh currently in China
is mainly the result of competition by manufactgrand mass production.

0.40

035
0.30
025 |
0.20
0.15
0.10 |

Electricity Cost ($/kwWh)

0.05 |

0.00

Gas/Coal PVin P\{in CSPin CSPin
Europe China Europe China

USA USA

Figure 5-21: Comparison of current electricity cost



Pre-feasibility Study of a CSP Project in China 94

The Figure 5-21indicates that compared with conventional enefgyexample natural gas
and coal, the cost of electricity generated by IBd &SP technologies is still high. At pre-
sent, CSP has the cost advantage over PV technoldgjyina for large-scale power plants in
terms of their energy storability. However, for dlsézed energy generation in the residen-
tial, commercial and industrial sector or in coiggrwith low solar radiation PV technology
plays a dominant role. Due to the price increaseoofventional fuels and continuously de-
clining costs for solar energy, CSP and PV willdee more competitive and become the
sources of energy provision.
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Appendix

A:. CSP Projects Overviw

(Status: March 2009)

Technology Region Country/ (project name) Companies involved Projected EPC Operation
Dish Stirling Europe _ [Spain Aznalcoliar [Abengoa Group 0.8
Europe Total 0.8
USA mSA (California)- Solar one | Stirling Energy systems (SES) 800
[USA (California) - Solar two |Stirling Enerqy systems (SES) S50
USA Total 1750
Dish Stirling Total 1750.8
Fresnel trough ROW Australia (Liddell) Solar Heat & Power 15 1
ROW Total 15 1
USA -IUSA California |Ausra 177
|USA Florida | Ausra 300
USA Total 477
Fresnel trough Total ATT 15 1
Parabolic trough Europe Greece Theseus A.E, Solar Millenium 50
Italy ENEA,Enel 40
Spain (Alvarado) Acciona Group 50
Spain (Majadas) Acciona Group 50
Spain Extremasol -1 Solar Millenium, Hidro cantabrico 50
Spain Andasol 1 Solar Millenium AG_ACS Cobra 50
Spain Andasol 2 Solar Millenium AG, ACS Cobra 50
Spain Andasol 3 Solar Millenium AG, EDP 50
Spain Andasol 4 ACS Cobra 50
Spain (Ciudad Real) Helios 1.2 Abengoa Group 100
Spain (Ciudad Real) Manchasol 182 |ACS Cobra 100
Spain (Cordoba) Acciona 100
Spain (Ecija) Abengoa Group 100
Spain (Palma del Rio/Cordoba) Acciona Group 100
Spain Consol 1-2 Caonergy group 100
Spain Murcia Solar Millenium 100
Spain Iberdrola 400
Spain Solnova 1-3 Abengoa Group 150
Spain (Badajoz) Extresol-1-3 ACS Cobra 150
Spain (Puertollano) Iberdrol 50
Spain Andasol 5-7 ACS Cobra 150
Spain Termesol SENER 50
Spain Solnova 4.5 Abengoa Group 100
Europe Total 1690 600 50
MENA Algeria Abengoa/NEAL 20
Morocco Abengoa/ONE 20
GEF Morracco 6
Eqgypt Solar Millenium, Orascom 30
Jordania Rip,Solar Millenium AG 70
Israel Solel as promoter 70
United Arabic Emirates MASDAR, RfP 100
MENA Total 296 20
ROW exiko RIP 29
ndia Fichtner Solar 30
ran (Yazd) Fichiner Solar 65
China Solar Millenium AG 1000
ROW Total 1095 29
USA California (SEGS) FLP. LUZ Solel 354
USA (Arizona) Abengoa 280
Solargenix/Acciona/Schott 1
USA (Nevada) Solargenix/Acciona/Schoft 64
USA ,California Solel 533
Bright source . SCE 1300
USA Nevada Solar Millennium, NV Energy 250
USA Total 2363 419
Parabolic frough Total 5444 649 469
Solar Tower Europe  [Spain Solar tres SENER/Rocketdyne 17
Spain PS10 Abengoa Group 10
Spain PS20 Abengoa Group 20
Spain (Almaden) Abengoa Group 20
Spain AZZ20 Abengoa Group 20
Europe Total 40 37 10
[MENA JUnited Arabic Emirates [SENER, MASDAR 17
ENA Total 17
ROW ___ [South Africa [ESKOM 100
ROW Total 100
USA —IUSA Califomia [Bright source | PG&E 900
USA Total S00
Solar Tower Total 1057 37 10
Updraft tower ROW Australia SBP/EnviroMission 200
China | SBP/EnviroMission 200
ROW Total 400
Updrait tower Total 400
Technology TBD MENA _— [israel [RTP 250
MENA Total 250
USA JUsA [Acciona Group 2000
USA Total 2000
Technology TBD Total

Grand Total

(Unit: MW; Source /DBR 2009/)
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Appendix B. Cost Calculation for Trough

Trough

Source

TECHNICAL DESIGN DATA

Solar field

Collector area km?2
area total

Power plant

Thermal capacity, power plant MWt
Power plant efficiency %
Electrical capacity, net MWe
Storage

Thermal capacity GWht
full-load hours h

OPERATIONAL DATA

Utilization

Capacity factor %

- actual plant hlyr
Annual electricity generation, net GWhelyr
Fuel consumption GWhlyr

Gas electricity generation, net GWhelyr
Solar electricity generation, net GWhelyr

Fuel price $/kWh
FINANCIAL CONSTRAINTS

Lifetime yr
Interest rate, inflation adjusted %lyr
Annuity %lyr
0&M %lyr
CAPITAL EXPENDITURES

Solar BoF $/m2
Steel support structure $/m?
Heat Collection Elements $/m?
Mirrors $/m2
Power Block $/kWe
Thermal storage $/kWe
Site development $/m?
Solar BoF M$
Steel support structure M$
Heat Collection Elements M$
Mirrors M$
Power Block M$
Thermal storage M$
Site development M$
Indirects

Total capital expenditures Min $
Specific capital expenditures $/kWe

ELECTRICITY GENERATING COSTS

0&M M $lyr
- Avg. burdened labor rate M $lyr
- Staff cost M $lyr
- Ann. material& services cost M $/yr
Annuity M $lyr
Insurance

o&M $/kWe
o&M $/kWhe
Fuel costs M $lyr

Total electricity generating costs M $/yr

Specific electricity generating costs $/kWhe
- LEC $/kWhe
- figure in report $/kWhe

Trough
No Storage

S&L03

SEGS VI
Hybrid

0.188

103.6
28.9%

22%
1927
58

25

8%
9.37%
2.1%

47
13

16

92
3052

64
0.033

11

0.182

Trough
storage

S&L03
Trouph 50
TES Spain

0.496

47%
4117
206

25

8%
9.37%
2.3%

234
67
43

306
958

254
5073

24

115
0.028

30

0.143
0.1037

Trough

Solar only  project

0.58

41

46%
4000
166

25

8%
9.37%
2.1%

150
160
60
2900

762
30

461
11136

9.9

43

0.060

53

0.321

Trough Trough
No Storage No Storage Storage
Fichtner Fichtner
UAE 100 UAE 75
Hybrid
0.58 0.58
2 2
260.0
38.5%
100 75
25% 25%
2230 2230
223 167
160
56
167
6
25 25
8% 8%
9.37% 9.37%
2.1% 2.1%
150 150
160 160
60 60
60 60
2500 2500
0 0
30 30
87 87
93 93
35 35
35 35
250 188
0 0
60 60
559 524
5594 6992
12 11.2
52 49
120 150
0.054 0.067
1.008
64 60
0.293 0.362
0.33

Trough

Data base S&L08
for China

0.767

100

33%

290

25
8%
9.37%

141

447
4471

6.7

42

67
0.023

49

0.168
0.1275

Trough
No Storage storage

S&L08

111

100

51%

451

25
8%
9.37%

671
6708

7.8

63

78
0.017

71

0.157
0.1198
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Appendix C: Cost Calculation for Tower

Tower
Source S&L03 S&L08 Fichtner
Solar Tres  Solar Tres DT-2a
S&L
storage storage no storgae

TECHNICAL DESIGN DATA
Solar field
Heliostat field area km?2 0.234 0.228 0.609
Heliostat area km?2 0.330
Receiver area m2 280 280
Receiver leistung MWht 155
Power plant
Thermal capacity, power plant MWt 105.0 120.0 360.9
Efficiency % 13.0% 13.5% 13.1%
Electrical capacity, net MWe 13.65 13.65 47.25
Storage
Thermal capacity GWht 1.7 1.9
full-load hours h 16 16
OPERATIONAL DATA
Average insolation kWh/(m2*d) 6 6 6

MWh/(m2*yr) 2.19 2.19 2.19
Availability % 92% 92% 92%
Utilization
Capacity factor % 78% 78% 28%
- actual plant hiyr 6833 6833 2448
Annual electricity generation, net GWhelyr 93 93 116
FINANCIAL CONSTRAINTS
Lifetime yr 25 25 25
Interest rate, inflation adjusted %lyr 8% 8% 8%
Annuity Yolyr 9.37% 9.37% 9.37%
O&M Y%lyr 2.34% 0.11% 2.69%
CAPITAL EXPENDITURES
Site development & Infrastructure $/m2 11.6 25.3
Heliostat field $/m2 160 230.6 191.2
Receiver $/m2 rec 57143 121680 151.5
Tower and piping $/m2 11.6 21.99 18.9
Thermal storage $/kWt 49 24.9 0.0
Power block/BOP $/kWe 1397.7 4719.6 1556.6
Indirect Costs $/kWe 2666 4382 653.8
Site development & Infrastructure M$ 2.7 15.4
Heliostat field M$ 37.4 52.6 63.1
Receiver M$ 16.0 34.1 235
Tower and piping M$ 2.7 5.0 7.8
Thermal storage M$ 5.1 3.0 0.0
Power block/BOP M$ 19.1 64.4 735
Indirect costs M$ 36.4 59.8 30.9
Total capital expenditures Min $ 119 219 214
Specific capital expenditures $/kWe 8753 16905 4534
ELECTRICITY GENERATING COSTS
Oo&M M $iyr 2.794 0.238 5.766
- Avg. burdened labor rate M $lyr 0.062
- Staff cost M $lyr 2.046
- Ann. material& services cost M $lyr 0.686
Annuity M $lyr 11 21 20
O&M $/kWhe 0.0300 0.0026 0.0499
Total electricity generating costs M $lyr 14 21 26
-LEC $/kWhe 0.1500 0.2224 0.2234
- figure in report $/kWhe 0.1431 0.2052
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Appendix D: HVAC/DC Transmission

Projects until 2020 in China

) Capacity | Voltage | Distance .
System/Project Year Location
[MW] [kv] [km]
Gezhouba-
Ge- Nan 1989 600 500 1000 _
Nangiao
Gezhouba-
GeSha 1990 1200 500 1046 ,
Shanghai
. Tianshenggiaot
Tian-Guang 2001 1800 500 960
Guangzhou
Three Gorgesr Longquan-
2003 3000 500 860 .
Changzhou Zhengping
Zhou Shan Project 1982 50 100 42 Zhoushan
Three Gorgest Jinzhou-
2004 3000 500 940 _
Guangdong Huizhou
) Guizhou-
Gui-Guang 2004 3000 500 936
Guangdong
Under
Three Gorgest _ Three Gorges -
) construction 3000 500 900 ,
Shanghai Shanghai
2007
Northeast- Planned
, 1500 B-B
North(Goaling) 2008
Yunnan- Planned Yunnan-
5000 800
Guangdong 2009 Guangzhou
Lingbao Planned
, 750 168 B-B Henan-Shaan
Expansion 2009
Hulunbeir(Inner
) ( Planned Hulunbeir -
Mongolia)- 3000 500 920
2010 Shenyang
Shenyang
o Planned Ninaxia-
Ningxia-Tianjing 3000 -
2010 Tianjin
) Planned .
NW-Sichuang 3000 Baoji-Deyang
2011
North Shaanxi+{ Planned 3000 Shaanxi-
Shandong 2011 Shandong
Shandong-East 2011 1200 B-B
Gezhouba- Gezhouba-
. 2011 3000 :
Shanghai Shanghai
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Expansion
Xianjiaba- Xinjiaba-
_ 2011 6400 800 .
Shanghai Shanghai
Jingping-East 2012 6400 800
North-Central 2012 1000
_ Xiluodu-
Xiluodu-Hunan 2014 6400 800
Hunan
i Xiluodu-
Xiluodu-Hanzhou | 2015 6400 800
Hanzhou
Nuozhadu- Nuozhadu-
2015 6400 800
Guangdong Guangdong
Humeng- Humeng-
2015 6400 800
Shandong Shandong
Jinsha River-East
. 2016 6400 800
China
o Humeng-
Humeng-Tianjing | 2016 6400 800 o
Tianjing
Goupitan- Goupitan-
2016 3000
Guangdong Guangdong
_ . Humeng-
Humeng-Liaoning| 2018 6400 800 .
Liaoning
Jinsha River-
. 2018 6400 800
Fujian
Hami-C.China 2018 6400 800
Jinsha River-East
, 2019 6400 800
China
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Appendix E: Climate of Three Selected Locations

A Daily solar Air Relative Atmospheric Wind Earth
radiation Temperature humidity pressure speed tempergt
kWh/(mzeday) °C % kpa m/s °C
Jan 2.53 -13.1 52.0% 88.4 4.6 -19.9
Feb 3.57 -9 42.4% 88.2 4.2 -14.9
Mar 4.83 -2 30.7% 87.9 4.7 -2.7
Apr 6.05 7.2 23.1% 87.6 5.3 9
May 6.66 15 27.6% 87.4 5 18
Jun 6.73 20.3 35.5% 87.1 45 23.8
Jul 6.16 22.9 45.3% 87.1 3.9 255
Aug 5.42 20.7 50.9% 87.4 3.7 21.8
Sep 4.81 14.6 42.4% 87.9 4 15.2
Oct 3.66 6.4 38.8% 88.2 4.4 5.7
Nov 2.61 -3.8 43.8% 88.3 5.1 -5.5
Dec 2.16 -10.5 51.3% 88.5 5.2 -15.6
B Daily solar Air Relative Atmospheric Wind Earth
radiation Temperature humidity pressure speed tempergt
kWh/(mz2eday) °C % kpa m/s °C
Jan 2.73 -10.1 41.6% 89.7 2.3 -15.8
Feb 3.71 -5 28.2% 89.5 25 -10
Mar 4.82 2.6 22.5% 89.1 3 2.2
Apr 6.03 115 19.1% 88.8 3.8 12.9
May 6.67 19.3 20.4% 88.5 3.6 22
Jun 6.69 247 24.5% 88.1 34 28.3
Jul 6.34 27 31.4% 88 3.1 31.1
Aug 5.62 247 33.7% 88.3 29 28.1
Sep 4.87 18.2 29.7% 88.9 2.8 20.1
Oct 3.7 9.1 30.5% 89.4 2.7 9.3
Nov 2.82 -1.1 34.5% 89.7 2.6 -2
Dec 2.27 -8.4 44.3% 89.8 2.4 -11.5
C Daily solar Air Relative Atmospheric Wind Earth
radiation Temperature humidity pressure speed temperat
kWh/(mz2eday) °C % kpa m/s °C
Jan 2.22 -9.4 55.60% 88.6 1.1 -15.6
Feb 3.08 -3.1 38.60% 88.3 15 -10.5
Mar 4.16 5 28.00% 88 2 16
Apr 5.38 13.6 25.00% 87.7 22 13
May 5.95 20.3 31.50% 87.5 1.9 222
Jun 6.28 24.6 38.10% 87.2 1.6 28.2
Jul 6.52 26.5 42.40% 87 15 30.7
Aug 5.98 245 43.40% 87.3 13 28.1
Sep 491 18.3 43.70% 87.8 1.2 20.2
Oct 3.82 9.8 47.40% 88.3 11 9.5
Nov 2.67 0.5 48.90% 88.5 1.2 -1.5
Dec 1.81 -7.5 58.70% 88.7 1 -11.1
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Appendix F: Cost Calculation of China Case Study

Transport distance km 200 2,000 200 2,000 200 2,000
Scenario Case | Case | Case Il Case Il Case lll Case lll
Technical data
Line capacity MW 5,000 5,000 5,000 5,000 5,000 5,000
Electricity input GWhlyr 20,000 20,000 20,000 20,000 20,000 20,000
Electricity losses GWhlyr 100 1,000 100 1,000 100 1,000
Electricity output GWhlyr 19,900 19,000 19,900 19,000 19,900 19,000
Specific transmission losses %/1000 km 2.5% 2.5% 2.5% 2.5% 2.5% 2.5%
Total transmission losses % 0.5% 5.0% 0.5% 5.0% 0.5% 5.0%
Utilization of line hlyr 4000 4000 4000 4000 4000 4000
Voltage kV +/- 800 +/- 500 +/- 800 +/- 500 +/- 800 +/- 500
Basic economic constraints
Electricity cost at transmission line inlet $/MWh 162 162 141 141 120 120
Interest during construction % of capex 5% 5% 5% 5% 5% 5%
Life time yr 40 40 40 40 40 40
Interest rate Y%lyr 8% 8% 8% 8% 8% 8%
Annuity %lyr 8.39% 8.39% 8.39% 8.39% 8.39% 8.39%
Fixed operating costs % of capex/yr 1.0% 1.0% 1.0% 1.0% 1.0% 1.0%
Capital expenditures (excluding interest during construction)
Transmission line 10°$ 0.234 0.766 0.234 0.766 0.234 0.766
Terminal 10°$ 490.000 490.000 490.000 490.000 490.000 490.000
Total capital expenditures 10°$ 490.000 490.000 490.000 490.000 490.000 490.000
Specific capex transmission line 10° $/km 1.170 0.383 1.170 0.383 1.170 0.383
Transmission costs (referred to electricity output)
Electrictity losses 10° $lyr 16.214 162.145 14.057 140.573 12.041 120.415
Fixed costs 10° $/yr 4.900 4.900 4.900 4.900 4.900 4.900
Annuity 10° $lyr 41.091 41.091 41.091 41.091 41.091 41.091
Total transmission costs 10° $lyr 62.206 208.136 60.049 186.565 58.033 166.406
Specific total transmisson costs $/MWh, 3 11 3 10 3 9
Total generation and transmission
costs $/MWh, 165 173 144 150 123 129
$/kWh, 0.165 0.173 0.144 0.150 0.123 0.129
Electricity supply TWhlyr 1520 1521
Total costs 10° $lyr 251 263

1RMB= 014 $



