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Abstract

Renewable energy sources continue to be the lestaive for the future electricity generationrglas the
demand on electricity increases, with the increasieed to reduce greenhouses gas affecting nelyatiee
climate and the biodiversity all over the world.

In the present study, a technical and economidldéias for the implementation of hybrid molten sahvity

receiver power plant in Algeria, under various veatconditions (costal, highland and Sahara redias)been
carried out. For this end, we have investigatedettfiect of solar radiation intensity, plant capaéactor and
hybridization on the thermal plant efficiency aheé tevelized electricity cost.

Two scenarios namely solar only mode and hybridifdackup mode has been considered in the present
analysis. Taking into account various factor, ahondthas been applied to optimize the solar multiplnt
capacity factor and the fossil fuel fraction, td gerade-off between the incremental investmestscof the
heliostat field and thermal energy storage.

The analysis has shown that the use of higherlfasgdifraction significantly reduces the levelizelgctricity
cost and sensibly increases the plant capacitgrfatherefore, hybrid molten salt central recepewer
systems are the attractive solution for fast daplkeyt of CSP technology in Algeria.

Key Word: Solar Multiple, Capacity Factor, Levelized Electricity Cost, Thermal Energy Storage, Fossil
Fuel Fraction.

Résumé

Les Sources d’énergie renouvelables continuentel&tmeilleure alternative pour la production ddaticité
dans le future, en vue de faire face a la demamgigsante en cette énergie, et la nécessité instable de
réduire les gaz a effet de serres affectant négratwt le climat et la biodiversité partout dansende.

Dans notre travail, une étude de faisabilité temtnudiconomique pour la mise en ceuvre de la ceritydliede
solaire-gaz a cavité centrale fonctionnant auadldi en Algérie, sous diverses conditions métégrgles (le
nord, les hauts plateaux et la région sud) a étéée. Pour cela, nous avons étudié I'effet dedhisité du
rayonnement solaire, le facteur capacité thermejuiaybridation sur le rendement global de la caletainsi
que le co(t moyen actualisé de I'électricité.

Deux scénarios ont a été pris en compte dans & pie analyse, a savoir mode solaire seul et |e myglride
avec une source fossile. En tenant en compte digetsurs, une méthode a été appliquée pour otirtes
facteur de multiple solaire (surdimensionnementliamp solaire), le facteur de capacité thermiqle et
fraction de du combustible fossile, ainsi pour abten meilleur compromis entre 'augmentation degts
d’'investissement du champ d’héliostats et le stgelde I'énergie thermique.

L’'analyse a montré que I'augmentation de la fractilo combustible fossile réduit considérablemeibii
moyen actualisé de I'électricité et augmente lécfaicde capacité de la centrale électrique. Pasémprent, les
centrales solaires hybrides avec un récepteuraldatictionnant au sel fondu sont la solution laspttractive
pour le déploiement rapide de ce type de techneladiaute concentration en Algérie..

Mots Clés : Multiple Solaire, Facteur de CapacitéCo(t de I'électricité, Stockage thermique, fraction
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Nomenclature

A
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A,
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Cinvst
Cinsur
Cfuel
Com
Cht

DNI
Dot

GHI
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Inlet surface of the receiver, [m?]
Heliostat area,[m?]

Specific surface, [m2/fh

Capacity factor, [%)]

Total investment of the plant, [$]

Annual insurance rate, [%0]

Annual fuel cost, [$]

Annual operating and maintenance costs, [$]
Heat capacity of the molten salt fluid, [kJ/kg.K]
Stefan Boltzmann constant, [W/m?]K

Isobaric specific heat of the air, [J/mol.K]

Real debt interest rate, [%]

Annual discount rate, [$]

Direct normal irradiance, [KWh/m?]
Outer diameter of the tube, [m]
Inner diameter of the tube, [m]

Length of the tube, [m]
Thermal power at design point\yiy

Yearly energy output, [KW]
Annual generated electricity, [kWh]
Actual generated energy at part load, kW

Generated energy at full load, [kW
Fossil fuel fraction, [%0]

Net cash flow in a period t, [$]

Cost reference factor, [-]

Global horizontal irradiance, [kWh/mZ2]

Thermal conductivity of the receiver tube, [W/m.K]



LEC

Mt

Nh
N
NPV
Nu

I:)cycle

Oconv
Ot
Orad
Oec

qref
Ost
Opb

Go

I:econd

RCOHV

Height of the heliostat mirror, [m]

Convection heat transfer of the molten salt, [WKh?2.
Convective heat losses from each receiver tubemnp/i]
Direct irradiation flux received by the heliostald, [KWh/m?]
Irradiative flux density, [W/m?]

Thermal conductivity of the air, [W/m2.K]
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Levelized energy cost, [$/kWh]
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Energy loss by reflection from the surface of theeiver tube, [W]
Thermal power produced by the solar field, kW
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Solid/fluid heat exchange, [W/n
Heat transfer resistance by conduction,[K/W]

Heat transfer resistance by convection, [K/W]
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SEG
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TES
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TRY

Thit, x
Thif, x+dx
Tt

Tw

Tic, air

-
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US

u

Wh
AR

AA;

Chel
Cand
Cuire
C_

Cr

Ideal gas constant, [J/mol.K]

Solar Multiple, [-]
Solar electricity generation,[KWh/m?]
Analysis period, [year]

Thermal energy storage, [hours]
Typical meteorological year, [-]

Test reference year, [-]

Inlet temperature of the molten salt at x positiéj,
Outlet temperature of the molten salt at x+dx posjfK]
Receiver temperature at the surface, [K]

Receiver temperature at shaded surface side, [K]
Temperature of the air in the inner cavity, [K]

Air temperature, [K]
Solid temperature, [K]

Heat transfer conductance coefficient, [W/K]
Air velocity, [m/s]
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Radial distance between heliostats, [m]

Azimuthal distance between heliostats, [m]

Cost of 1 m2 of reflective surface relative to gane cost of the

reference zone, [-]

Relative heliostat structure cost, [$/m?]

Relative land cost, [$/m?]

Relative wire cost, [$/m?]

Cost of a compound related to each zone Z, [$]
Cost of a compound related to reference zone,[$]

Coordinate along the flow direction, [m]

11



Greek letters

Oh

Nopt
Nyt
Ncos
Nshad
MNblock
MNatm

Nint

Indices

Coefficient of dynamical viscosity, [kg/m.s]

Heliostat azimuth angle in degree, [°]
Optical concentration ratio ,[-]

Receiver elevation angle from heliostat, [°]

Convective heat transfer coefficient, [W/m2.K]

Surface emissivity, [-]

Characteristic length of the pore structure, [m]
Stefan Boltzmann constant, 5.67N//mz2.K"]
Radiation wavelengthum]

Density, [kg/n]

Extinction coefficient of the radiation, [t
Porosity,[-]

Inlet angle of the radiation flow, [°]

Optical efficiency of the heliostat field,[-]

Yearly average field efficiency related to eachepi
Cosine efficiency = 1 — cosine loss,[-]

Shadowing efficiency = 1 — shadowing loss,[-]
Blocking efficiency = 1— blocking loss,[-]
Atmospheric transmittance = 1 — atmospheric attéomd |
Receiver intercept factor = 1 — spillage,[-]

Efficiency, [%]

Volumetric

Pressure

Located at the irraeéafront surface
Ambient

Inlet value

Outlet value
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Abbreviation

CRS

CSP

DLR

HTF
MENA

PS

SAM

Central Receiver System

Concentrated Solar Power

DeutschesZentrumfirLuft- und Raumfahrte.V.

Heat Transfer Fluid
Middle East North Africa
Planta Solar

System Advisor Model
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Introduction

In the context of the population growth over therlpyear by year the proliferation of
big urban cities induces new method of life and anrbehavior. The appearance of big
industrial factory that satisfies the different deexpressed by the population has led to
greater energy consumption. Mainly, this demanérmergy has been covered in some
countries by fossil fuel energy sources where abél and by Carbone coal in other ones. In
the two situations, due to economic consideratiow €nergy price), the huge demand on
theses fossil sources has led to the greenhousa gfbwth in the atmosphere and severe

climatic change.

Knowing the climatic threats to be faced in the saperas and the continuous
depletion of the world’s most valued fossil energgources, concentrating solar power could
be the best alternative technology to sustainageldpment of energy resources for global
energy problems. It is also capable of substdyptiatiucing carbon dioxide emission in the

atmosphere.

The development of renewable energies in Algeria peaxceived since 1962 date of the

independence.

In Algeria, the consumption of energy at the naldavel is increasing yearly due to
demographic and urban growth, in addition to tr@nemic expansion in constant
progression. As far as the resources are conceoasdd essentially on oil and natural gas,

they are not limitless and are gradually being eshed.

The important economic changes perceived in they&es all over the world, led
Algerian stakeholders to embark on big structugdnrms. In this perspective, the Algerian
state intends to promote and accelerate more tigarograms to diversify the energy
source production infrastructures. This new pofeyuired a legal framework that the
government has adopted on the different sectorgrendifferent levels [01, 02].

This readiness to promote these energies resultiénb isetting of specialized agencies

to promote research and development in this field.

In July 2002, a joint venture named NEAL was crédig the association of (Sonatrach
45%, Sonelgaz 45% and SIM 10%) [03]. New Energyefilghas as main objectives the

development of alternative energy sources includwigr, wind and biomass.

For this, NEAL has joined the Solarpace programiandrporated renewable energy

targets in the national context for public and atésshareholders.
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Introduction

Due to its geographic location, Algeria has sevadsfantages for the deployment of

solar electricity generating systems. It is sitddietween the 35° and 38° of latitude north

and 8° and 12° longitude east. It has an area3&12741 km2 [04, 05]. The climatic

characteristics for Algeria are given in table tcérding to a study carried out by the

German Aerospace Agency (DLR), Algeria has, witlsaful area of 1.787.000 km?, the

largest land potential in the Mediterranean regitsnCSP technology implementation

potential is in the order of 169.440 TWh/year [06].

TABLE 1: RADIOMETRIC AND METEOROLOGICAL CHARACTERISTICS INALGERIA.

Element Description Costal region Highland Sahara
Surface (%o) 4 10 &6
Area (lem?) 95.27 238.74 2048297
Mean daily sunshine duration (h) 7.26 822 0.59
Average duration of sunshine (h'vear) 2650 3000 3500
Recemved average energy (kWh'm?/year) 1700 1900 2650
Relative humidity (%0) 40.16 4033 27.66
Mean annual temperature (°C) 19 25 2950
Mean annual wind velocity (m/'s) 2.1 38 4.1
Solar daily energy density (kWh/m?) 466 521 7.26
Potential daily energy (Twh) 44396 1240.89 14.870.63
Mean annual precipitation (mm) 500 350 150

The climate is transitional between maritime in tioeth and semi-arid to arid when

getting to the south via the highland regions. @aterage annual temperature measured is

about 24.5°C.

Sunshine duration on almost all the country is @380 h/year and can reach 3940

h/year in the highland and Sahara regions.

The daily energy obtained on a horizontal plarebisut 1700 kWh/m?2/year for the
north and 2263 kWh/m?2/year for the south.

However, the knowledge of the solar potential afheigegion is fundamental for the

sizing and implementation of the different typesofar electricity generating systems

(SEGS).

In order for renewable energy systems to be prothiotéhe country, the Electricity

Law of 5th of February 2002 was promulgated. Tag states mainly that renewable

electricity can be financed either through feedaniffs or directly by the state.
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Moreover, the Feed-in tariff Decree of"26f March 2004 has defined “premium”
levels for power generated from solar energy apeaally for CSP Plants, as described

below:
« 300% of market price for electricity productiaorm 100% solar source,

» 200% of market price if more that 25% of the powegoroduced by solar—gas hybrid

system,

» 100-180% of market price in the case that thegrgage of the produced power by solar—

gas hybrid with solar is less than 25%.

Algerian authorities have set as target the saiargy and/or co-generation
applications to reach 5% of the energy mix by 2848 increase the share of RES in
electricity production to 10% by 2027 [05, 06, 07].

Important ways of achieving these targets usingpuarRES have been described in a
recent paper. In order to help in these efforisvéenv of legislation is currently underway.
Significant boost is also expected after the cowesimn of the PV manufacturing plant in
Rouiba province area. This plant is expected t@l@wapacity of 50 MW/year. This plant is
within the strategic plan of the SONELGAZ Company &s affiliated subsidiary [07, 08].

As an example of first deployment of SEGS,the “iR'ssel’Integrated Solar
Combined Cycle (ISCC) plant of 150 MW is currentyfull operation in northern Algeria.
This area is close togas pipelines and high voltage This project is being promotedby
solar power plant one (SPP1), an Abener and NEAt jentureformed for this purpose,
which will operate and exploit the plantfor a periaf 25 years. The plant construction started
on the 7th ofnovember 2007 and has finished by Ninex 2010 [05, 07].

The plant consists of a conventional combined cgole a solar field with a nominal
thermal power of 95 M. The 25 MW solar field of parabolic trough techomy} provides

complementarythermal energy to the combined cycle.

The solar field is composed of 216 solar collectors4 loops with an inlet heat
transfer fluid temperature of 290°C and an oudetperature of 390°C. The working HTF is

a synthetic oil of composition ......

The “HassiR’'mel” plant uses the heat generatetiersame steam turbine that makes
use of the waste heat from the gas turbine foitret@g generation. This configuration is
double effective, since not only it minimizes theestment cost but also reduces the CO
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emissions associated with the conventional pla@d@8 (ton/year). The 20% of the project
cost (63 million D) is financed by the shareholdarsd the rest 80% (252 million D) is
financed by local banks (BEA — 54.72%, CPA — 20.8BNA — 25.25%) [07].

Project assets and cash flow are the only sedarignders, while the project cash flow
Is used to service the debt and distribute divideRthally, 15 years of repayment “soft loan”

of 3.75% interest rate has been received to rethecempact of financing charges on tariffs.

Objectives and methodology

The problem statement here is the following: whiatthe set-ups of a large solar
tower thermal power plant that satisfy both enexggt economic objectives, at a given
location, with a given conversion cycle, and urgigen material safety constraints.

Thus the objectives of this thesis are:

* The performance assessment of the power plantmglten salt cavity receiver;

* The development of a method to optimize the plal@ranultiple, capacity factor and
levelized electricity cost;

* The comparison between the actual simulated retsutte experimental results
reported for the solar plant PS20 for validationgmse;

* The definition of parameters affecting the perfonceof the solar power plant in
hybrid mode: fossil fuel fraction, LEC and the caipafactor.

* The definition of parameters affecting the locatodrsolar power plant for future
deployment purpose: DNI and land constraints;

* The analysis of the HITREC air receiver thermaf@@nance as unit stand of the

central receiver power plant using CAD and CFD4gool

The methodology adopted in the thesis is the coatioin of the thermal and economic
parameters for the evaluation of the solar cenér@iver power plant using two scenarios
(solar only mode and hybrid fossil fuel mode). Tamalysis have been carried out using at
the same time SAM advisor aided design tool, védiddy experimental results taken from
real plant installation (PS20) in Spain. The detaation of the levelized electricity cost, the
net cost of electricity by k\\produced, the capacity factor and the efficienicthe

thermodynamic cycle are the main factors determinedis work.
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Scope of the thesis

First, electricity generation technology based on cotreéed solar power plant is

described. The radiation source which is the nmapbrtant factor for the deployment and the

implementation of utility scale solar electricitgrgeration plant in the MENA region (Sun
Belt region) is defined.

Though, a review and a history of the developmedt@omotion of such technology
since 1860 are carried out. The specification efdifferent type of the concentrated solar
power technology (parabolic trough, linear Frescehtral receiver and dish engine) has been
undertaken. However, in the present work, emphasdle central receiver power tower
plant is given with a detailed state of the arttfa development over the centuries in the
world, principally in Spain, united states and ehirAn assessment between the different
types of each CSP technology is given in table THe different application for utility scale
and grid connection (based on power purchase agrgePPA escalation rate), advantages,
drawbacks and dispatch ability of the plant configion (solar only, hybrid fossil fuel, with
or without storage) and ability to respond to gickurs demand is stated.

The main technical and economic design parameteiS$P technology have been
described. The factors affecting the performanaeaasts of such technologies are: optical

concentration ratio, direct normal irradiance aedgyaphic site selection (situation).

Instantaneous performance evaluation at desigrt pashname plate capacity of 20
MW, of a molten salt cavity receiver have been camigid Nonetheless, a daily solar field
performance analysis is plotted. At the end ofgressent chapter, a review of main software
used as an aided design and decision making toaeahnd optimize the performance and

costs of such solar power plant is listed.

Second a detailed methodology for central receiver systiesign and optimization

is defined under different aspects.

The first facet deals with the modeling of the sdleat exchanger geometry called
cavity receiver. Using balance energy model overdiscretized element (volume) of the
receiver tubes, the different losses (natural,gdrconvective heat transfer and reflective
radiation heat transfer) are assessed. Experimghyalical correlation based on
dimensionless number such as Nusselt, Grashof,dRésyand Prandtl have been assumed in
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the present study. This in fact, to evaluate tffeidint regime and behavior of the cavity
receiver (thermal to fluid flow interaction througlbes), and in the same time the estimation
of the reflective radiation losses from the intéavity considered as no gray black body

surface based on the view factor radiation model.

The following analysis deals with the heliostatdiyout optimization using
DELSOL-3 algorithm. For this end, a Hermit polynairexpansion-convolution method is
used to predict flux images from the heliostatkifi&s main result, a staggered layout for

north field solar central cavity receiver configiwa is considered in the present work.
This choice of the power plant model is motivatedythe following aims:

=>» Based on the state of the art for this type oftteétgy configuration, we assume that
it gives the minimum optical losses (cosine effsbadowing and blocking effect,
atmospheric attenuation effect, spillage and cgrgfifect, mirror reflectivity ...);

=» For medium power plant capacity utility scale, athern configuration is wondered
than the circular large scale power plant;

=>» For technical and economic consideration for th@aenent of such technology in
Algeria subject of the present thesis work, mediigks and lower costs are the main
reasons and the first objective for an eventualrutmplementation than the circular
high risks configuration.

Heat transfer fluid system is described, givenghigsical and chemical characteristics.

A storage option with tow tank model and dispatohtol strategy conducted using
SAM advisor model are described. Technical and @ton parameters affecting the
operating conditions of solar central receiver poplant, either in solar only mode or hybrid
fossil fuel mode has been given (solar multiplgacity factor, solar electricity generation,
thermal energy storage, fossil fuel fraction, |eesd electricity cost, weighted average capital

cost, net present value).

Third , a small description of general hybrid solar poplant model is given.
Integration of fossil duel fired boiler into solawer plant cycle needs to be over sized to

accommodate the steam production by the solar. field

brief report about fossil back up methodology urfsiaM advisor simulation tool is
described. It consists mainly on how to managsithe in the day (24 hours) to achieve rated

capacity for base load plant.
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However, hybrid concept integration of solar poveaver plant is considered. The best
approach adopted based on literature survey tadigiorg such electricity generation plant to
a base load fossil plant is the power booster mehally, the environmental indicator for

climate change context represented by the &@®idance is stated.

Fourthly , parametric study was conducted to determinenttegdction between the
different technical and economic indicator namé@k, SM, TES, LEC, SEGS, DNI and FFF
affecting the working conditions of the solar cahteceiver power plant. Indeed, not only
these parameters could give information or decigothe technical and economic feasibility
for the implementation of such power plant. Othmnsideration for real decision making is to
be foreseen. Existing installation power plant (’)S8odel is given with some indicator for
validation purpose. This to compare the effectigsn® the present study carried out under

SAM advisor simulation tool.

However, further analysis about the lawfand heat transfer inside the continuum
homogenous model of the open volumetric air receave assumed in the present work. The
main objective is to investigate all parametershisagthe radiation model applied at the
surface of the absorber, the Brinkman model appbdte fluid flow through the porous

structure affecting the physical model.

Finally, the general conclusion which we could take frbia thorough investigation
on the hybrid molten salt cavity receiver solar powlant, under Algerian climate is that the
analysis has pointed out to the fact that theeessong relation between the capacity factor,
solar multiple, and the TES factors. However, Hrgér the storage capacity, the larger the
solar multiple and the lower is the LEC since ttegage system has the lowest investment
costs. The two scenarios considered in the pregemt have showed that in solar only mode,
the higher the DNI the higher the storage capattitys the higher the plant capacity factor
considering the same solar multiple. This is theeaaf Tamanrasset that has the highest solar
radiation intensity compared with Batna and Algidise hybridization is an attractive option
that enhances the efficiency and increase the ttggactor. It decrease the LEC compared

with the solar only mode.
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Chapter I. Concentrated Solar Power, State of thad Background

l.1. Solar energy: it's use

Solar energy has a high exergy value since it mwaitgis from processes occurring at the
sun’s surface at a black-body equivalent tempegattinpproximately 5777 K. Because of
this high exergetic value, more than 93% of theg@nenay be theoretically converted to

mechanical work by using thermodynamic cycles [08]

According to thermodynamics and Planck’s equattmconversion of solar heat to
mechanical work or Gibbs free energy is limitedfoy Carnot efficiency, and therefore to
achieve maximum conversion rates, the energy shmitdansferred to a thermal fluid or
reactants at temperatures close to that of th¢G)rD9].

Even though solar radiation is a sourckigi temperature and exergy at origin, with a
high radiosity of 63 MW/ sun-to-earth geometrical constraints lead tcaanatic dilution
of flux and to irradiance available for terrestriae; only slightly higher than1 kWfwith a
consequent supply of low temperatures to the thieitme.

It is therefore an essential requisite for solarmal power plants and high temperature
solar chemistry applications to make use of optoaicentration devices that enable the

thermal conversion to be carried out at high sthilexes and with relatively low heat losses.

The use of solar energy for electricity productpomises to be one of the most viable

options to substitute fossil fuel solar electriggigneration system.

Solar Energy (SE) is accepted as a key resourcehtorfuture of the world. The
utilization of SE could cover a significant parttbé energy demand in the countries.

Solar energy technologies have a long history. Betwl860 and the First World Warr,

a range of technologies were developed to genstaaen, by capturing the sun’s heat.

The years immediately following the oil-shock ireteeventies saw much interest in
the development and commercialization of solar gnetechnologies. However, this
emerging solar energy industry of the 1970s andy e80s collapsed due to the sharp

decline in oil prices and a lack of sustained pofiapport[09, 10].

Solar energy markets have regained momentum sarbe2000, revealing
phenomenal growth recently. The total installedac#y of solar based electricity generation
capacity has increased to more than 40 GW by tdeoBA010 from almost negligible

capacity in the early nineties.

21



Chapter I. Concentrated Solar Power, State of thad Background

l.2.Introduction to CSP technologies

Concentrating solar power (CSP) plants use mitmr®oncentrate sunlight onto a
receiver, which collects and transfers the solargynto a heat transfer fluid that can be used
to supply heat for end-use applications or to gateeglectricity through conventional steam

turbines.

Large CSP plants can be equipped with a heat g@ygjem to allow for heat supply

or electricity generation at night or when the gkgloudy.

There are four CSP plant variants which are todayesented at pilot and commercial
scale, parabolic trough collectors (PTC), lineadrel reflector systems (LFR), power towers
or central receiver systems (CRS), and dish/ergyatems (DE). They vary depending on the
design, configuration of mirrors and receivers,thiemsfer fluid used and whether or not heat

storage is involved.

The first three types are used mostly for powentslan centralized electricity
generation, with the parabolic trough system b#iregmost commercially mature technology.
Solar dishes are more suitable for distributed gpeioa.

All the existing pilot plants mimic (inaite) parabolic geometries with large mirror
areas and work under real operating conditions. BI€CLFR are 2-D concentrating systems
in which the incoming solar radiation is concergdabnto a focal line by one axis tracking
mirrors. They are able to concentrate the solaat@ad flux 30 to 80 times, heating the
thermal fluid up to 450°C,with power conversiontusizes of 30 to 80MW, and therefore,
they are well suited for centralized power generadt dispatchable markets with a Ranking
steam turbine/generator cycle.

CRS optics is more complex, since thars@ceiver is mounted on top of a tower and
sunlight is concentrated by means of a large pédiathat is discretized into a field of

heliostats.

This 3Dconcentrator is therefore off-axis and rethts require two-axis tracking.
Concentration factors are between 200 and 100Qandizes are between 10 and 200MW,
and they are therefore well suited for dispatchatdekets and integration into advanced

thermodynamic cycles.

A wide variety of thermal fluids, like saturate@ain, superheated steam, molten salts,
atmospheric air or pressurized air, can be useatlteanperatures vary between 300°C and
1000 °C. Finally, DE systems are small modular with autonomous generation of

electricity by Sterling engines or Brayton minidtures located at the focal point.
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Chapter I. Concentrated Solar Power, State of thad Background

Dishes are parabolic 3Dconcentrators with high eatration ratios (1000 to 3000
suns) and a unit size of 5-25 kW. Their currentkatniche is in both distributed on-grid and
remote/off-grid power applications.

Parabolic troughs, by far the most mataoknology, have been demonstrated

commercially.

Those for linear Fresnel, dish and tower systemsiamgeneral, projections based on
component and early commercial projects and thenagtion of mature development of
current technology. With current investment coalisSTE technologies are generally thought
to require a public financial support strategyruarket deployment. At present direct capital
costs of STE and power generation costs are estthtatbe2-3 times those of fossil-fueled
power plants, however industry roadmaps advance @ oreduction before 2025 [10]. In
fact governments at some countries like Spain laeady accelerating the process of drastic
tariff reduction with the goal of STE, PV and wiadergy becoming tariff-equivalent in less
than one decade.

Every square meter of STE field can produce u@kWh thermal energy per year
or up to 500 kWh of electricity per year.

That means a cumulative savings of uf2teons of carbon dioxide and 2.5 tons of
fossil fuel per square meter of CSP system ov2biigear lifetime will be achieved [11].

After two decades of frozen or failed projects, rappl in the past few years for
specific financial incentives in Europe, the USJi&n Australia and elsewhere, is now paving
the way for launching of the first commercial vaetu

Spain with 2400 MW connected to the gni@013 is taking the lead on current
commercial developments, together with USA whetarget of 4500 MW for the same year
has been fixed. Other relevant programs such asthlar Mission” in India have been

recently approved for 22 GW-solar, with a largefian being thermal [12].

CSP plants require high direct solar irradiancerdok and are therefore a very
interesting option for installation in the Sun Belgion (between 40 degrees north and south
of the equator). This region includes the Middlet-&lorth Africa, South Africa, India, and

Southwest of the United States, Mexico, Peru, Ckiestern China, Australia, southern

Europe and Turkey. The technical potential of C&Beld electricity generation in most of
these regions is typically many times higher thaairtelectricity demand, resulting in

opportunities for electricity export through higbkage lines
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Chapter I. Concentrated Solar Power, State of thad Background

However, the deployment of CSP is still at an esthge with approximately 2 GW of
installed capacity worldwide up to 2012, althoughedditional 12 GW of capacity is planned
for installation by 2015. Today'’s installed capgat CSP is very small when compared with
approximately 70 GW of solar photovoltaic (PV) glalready in operation, and the 30 GW
of new PV installations completed in2011. The tatatallation cost for CSP plants without
storage is generally higher than for PV. Howeuegs expected that these costs will fall by
around 15% by 20150owing to technology learningnecaies of scale, and improvements in
manufacturing and performance, thus reducing thelileed electricity costs (LEC) from
CSP plants to around USD 0.15-0.24/kWh.

By 2020, expectations are that capital costs imvest will decline even further by
between 30% and 50%. Like PV, an advantage of G&Rsais that their output, when no
thermal storage is used, follows closely the eleityrand heat demand profile during the day

in Sun Belt regions.

The significant advantage of CSP over PV is theait integrate low-cost thermal
energy storage to provide intermediate and baskdttricity. This can increase
significantly the capacity factor of CSP plants éimel dispatchability of the generated
electricity, thus improving grid integration anco@omic competitiveness of such power

plants.

However, there is a trade-of between the capactityeat storage required and capital
cost of the plant. Another advantage offered by @8Rnology is the ease of integration into

existing fossil fuel-based power plants that useveational steam turbines to produce

electricity, whereby the part of the steam produmgthe combustion of fossil fuels is
substituted by heat from the CSP plant.

Similar to conventional power plants, most CSPaitstions need water to cool and

condense the steam cycle. Since water is oftegesoathe Sun Belt regions, CSP plants

based on dry cooling systems are the preferredmptith regards to efficient and sustainable

use of water.

As indicated in appendices table 1, a review thaenradvantage and drawbacks of each
type of CSP technology have been carried out asphtithability of the plant configuration is

stated.
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However, such plants are typically about 10% marmeeasive than water-cooled ones.
Compared with PV, CSP is still a relatively capitgensive technology with a small market.

However, CSP plants could become economically ctithgeas a result of the

significant potential for capital cost reductions.

In addition to renewable heat and power generatomtentrating solar plants has other
economically viable and sustainable applicationshsas co-generation for domestic and
industrial heat use, water desalination and entthateecovery in mature and heavy oil
fields.

CSP technology deployment also has the potentiaubstantial local value addition
through localization of production of componentryvges and operation and maintenance,

thus creating local development and job opportesiti

[.2.1. Definition of the concentration

Concentrating Solar Power (CSP) plants use mitmcencentrate the sun’s ray sand

produce heat for electricity generation via a coniamal thermodynamic cycle.

Unlike solar photovoltaic (PV), CSP uses only tiveat component of sunlight (DNI) and

can provide carbon-free heat and power only inoregivith high DNI (i.e. Sun Belt regions).

Sunlight consists of direct and indirect (diffusedjnponents. The direct component
(i.e. DNI or Direct Normal Irradiance) represengsta 90% of the total sunlight during sunny
days but is negligible on cloudy days. Direct sgimiican be concentrated using mirrors or

other optical devices (e.g. lenses).

CSP plant scan provide cost-effective energy itoregwith DNI> 2000 kWh/m?/year,
typically arid and semi-arid regions at latitudetvizeen 15° and 40° north or south of the

equator.

Note that equatorial regions are usually too clodtlgh DNIs can also be available at
high altitudes where scattering is low. In the begions (DNI>2800 kWh/m?/year), the CSP
generation potential is 100 to 130 GWim?/year.

This is approximately the same electricity generaenually by a 20 MW coal-fired
power plant with a75% capacity factor (CF).

The capacity factor is the number of hours per yeatrthe plant can produce electricity
while dispatch ability is the ability of the platat provide electricity on the operator’s

demand.
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The solar multiple (SM) is the ratio of the actsiale of the solar field to the solar field
size needed to feed the turbine at nominal desagaaty with maximum solar irradiance (~ 1
KW/m2).

To cope with thermal losses, plants with no stotames a solar multiple between 1.1 to

1.5 (up to 2.0 for LFR) while plants with therm&bdmige may have solar multiples of 3 to 5.

1.2.2. Type of concentration technology

As stated before, The CSP technology includesyatiants type of concentration;
namely, parabolic trough collector (PTC),lineardfr@ reflector (LFR), central receiver solar
tower (CRS) and dish engine solar system (DE).

In PTC and LFR plants, mirrors concentrate the suays on a focal line, with
concentration factors on the order of 60 to 80 magimum achievable temperatures of about
550°C.

In CRS and DE plants, mirrors concentrate the ghhbn a single focal point with
higher concentration factors 600 to 1000and opegagmperatures 800 to 1000°C.

1.2.2.1. Parabolic trough collector (PTC)

PTC is the most mature CSP technology, accountinghbre than 90% of the currently

installed CSP capacity over the world. See figule 1

CSP Plants In Operation (1,167 MW Total)

Spain: 582 MW

=1%
55

France: 1 MW

Germany:2 MW

Iran: 62 MW

Australia: 3 MW
®

B 2t olic Trough power Tower [ LR Blcshengne [ MicroCse M

FIGURE 1.1: PARABOLIC TROUGH COLLECTOR DEPLOYMENT OVER THE WORL13].
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As illustrated in figurel.2, it is based on parabatirrors that concentrate the sun’s

rays on heat receivers (i.e. steel tubes) placatefocal line.

Receivers have a special coating to maximize enabggrption and minimize infrared
re-irradiation and work in an evacuated glass epeeto avoid convection heat losses.
The solar heat is removed by a heat transfer kgl synthetic oil, molten salt)flowing in the
receiver tube and transferred to a steam gendmpooduce the superheated steam that runs
the turbine. Mirrors and receivers (i.e. the salalectors) track the sun’s path along a single
axis (usually east to west).An array of mirrors barup to 100 meters long with a curved
aperture of 5 to 6 meters.

Most PTC plants currently in operationéaapacities between 14 to 80 MW
efficiencies of around 14 to 16% (i.e. the ratisofar irradiance power to net electric output)
and maximum operating temperatures of 390°C, wisidimited by the degradation of

synthetic oil used for heat transfer.

The use of molten salt at550°C for either heatsfie@mor storage purposes is under
demonstration. High temperature molten salt magegwe both plant efficiency (e.g. 15% to

17%) and thermal storage capacity.

In addition to the solar electricity generatingteyss (SEGS) project (i.e. nine units
with a total capacity of 354 MW in operation sirtbe 1980, major and more recent PTC
projects in operation include two 70MW units in theited States (i.e. Nevada Solar One and
MNGSEC Florida), about thirty 50-MW units in Spaind smaller units in a number of other

countries [03].

The three 50 MW Andasol units by ACS/Cobra Groug Elarquesado Solar SL and
the two 50MW (Valle | and Il) plants by Torresolétgy in Spain are particularly interesting,

as they use synthetic oil as the heat transfedt #inid molten salt as the thermal storage fluid.

They have a thermal storage capacity of aroundh@uss[11, 12, 13], which can raise
the capacity factor up to 40%.

In Italy, a 5 MW demonstration plant (ENEL, ENEAjtlweight hours of thermal
storage started operation in June 2010 to tesidbef molten salt as either heat transfer or
storage fluid, which can significantly improve tterage performance and the capacity factor
(by up to 50%) because the higher operation tenyrerand thermal capacity of molten salt

enable more storage capacity with reduced storalyene and costs [12].
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Large PTC plants under construction include theaejproject (a 250 MW plant in
California due to start operation in 2013), the 28fY Solana project in Arizona due in 2013,

the Shams 1 100MW project in the United Arab Eresatue in 2012/2013), the Godawari
project (India, 50 MW, 2013) and a further fiftee®MW plants in Spain.

FIGURE 1.2: PARABOLIC TROUGH PLANT INSTALLATION IN SPAIN [14].

1.2.2.2. Linear Fresnel reflectors (LFR)

LFR plants showed in figure 1.3 are similar to Pgl@nts but use a series of ground-
based, flat or slightly curved mirrors placed dtedlent angles to concentrate the sunlight

onto a fixed receiver located several meters albloxenirror field.

Each line of mirrors is equipped with a single @régking system to concentrate the
sunlight onto the fixed receiver. The receiver ¢sissof a long, selectively-coated tube where
flowing water is converted into saturated steam@Df Direct Steam Generation). Since the

focal line in the LFR plant can be distorted bygmatatism, a secondary mirror is placed
above the receiver to refocus the sun’s rays.

As an alternative, multi-tube receivers can be usezpture sunlight with no
secondary mirror. The main advantages of LFR coethr PTC systems are the lower cost
of ground-based mirrors and solar collectors (idirlg structural, supports and assembly).

While the optical efficiency of the LFRRs$em is lower than that of the PTC systems
(i.e. higher optical losses), the relative simpjicf the plant translates into lower
manufacturing and installation costs compared t€ BIEnts.
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However, it is not clear whether LFR élietty is cheaper than that from PTC plants.
In addition, as LFR systems use direct steam ggorrahermal energy storage is likely to be
more challenging and expensive.
LFR is the most recent CSP technologhwitly a few plants in operation (e.g.1.4
MW in Spain, 5 MW in Australia and a new 30MW povpdaint, the Puerto Errado 2, in
Spain, which started operation in September 2012).

Further LFR plants are currently under construc{eg. Kogan Creek, Australia 44

MW, 2013) or in consideration.

FIGURE 1.3:LINEAR FRESNEL COLLECTOR PLANT{15]

1.2.2.3. Central receiver solar towers (CRS)

In the CRS plants shown in figurel.4, a large nunatbeomputer assisted mirrors

(heliostats) track the sun individually over tweeaxand concentrate the solar irradiation onto

a single receiver mounted on top of a central tomiegre the solar heat drives a

thermodynamic cycle and generates electricity.

In principle, CRS plants can achieve higher tempeea than PTC and LFR systems
because they have higher concentration factors CR® plants can use water-steam (DSG),
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synthetic oil or molten salt as the primary heansfer fluid. The use of high-temperature gas
is also being considered.

Direct steam generation (DSG) in the isareeliminates the need for a heat exchanger
between the primary heat transfer fluid (e.g. mo#alt) and the steam cycle, but makes
thermal storage more difficult. Depending on thienary heat transfer fluid and the receiver
design, maximum operating temperatures may ramge 250 to 300°C (using water-steam)
to 390°C (using synthetic oil) and up to 565°C ifjgsinolten salt). Temperatures above800°C

can be obtained using gases.

The temperature level of the primary heat trantféd determines the operating
conditions (i.e. subcritical, supercritical or aisupercritical) of the steam cycle in the

conventional part of the power plant.

CRS plants can be equipped with thermal storagersgswhose operating
temperatures also depend on the primary heat gafisid. Today’s best performance is
obtained using molten salt at 565°C for either leatsfer or storage purposes. This enables
efficient and cheap heat storage and the use iofezft supercritical steam cycles.
High-temperature CRS plants offer potential advgedeover other CSP technologies in terms
of efficiency, heat storage, performance, capdeitjor sand costs.

In the long run, they could provide the cheaped® €®ctricity, but more commercial
experience is needed to confirm these expectations.
Current installed capacity includes the PS10 arDR#monstration projects (i.e. Spain)
with capacities of 11 MW and 20 MW, respectivelptB plants are equipped with a 30-60
minute steam-based thermal storage to ensure goaeuction despite varying solar

radiation.

The PS10 consists of 624 heliostats over 75000tsneceiver converts 92% of solar
energy into saturated steam at 250°C and gen&t4t8ss5\Wh a year (i.e. 25% capacity
factor), with17% efficiency. In Spain, a 19-MW mattsalt-based CRS plant (i.e. Gemasolar)
with a 15-hours molten salt storage system stanpedation in the second half of 2011.

It is expected to run for almost 6500 operationreqer year, reaching a 74% capacity
factor and producing fully dispatchable electricity

Larger CRS plants are under construdgog. the 370 MW Ivanpah project in
California with water-steam at 565°C and 29% eéindy and the 50 MW Supcon project in
China) or under development (e.g. eight units &itbtal capacity of 1.5 GW in the

southwestern United States). Large plants haverswpasolar fields with a high number of
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heliostats and a greater distance between thertharzentral receiver. This results in more
optical losses, atmospheric absorption and angigaation due to mirror and sun-tracking
imperfections.

FIGURE 1.4:PS10AND PS20LARGE CAVITY CENTRAL RECEIVER POWER PLANTSPAIN [16]

1.2.2.4. Dishes solar engine (DE)

The DE system represented in figurel.5 consissspafrabolic dish shaped
concentrator (like a satellite dish) that refleaatslight into a receiver placed at the focal point
of the dish. The receiver may be a Sterling engieekinematic and free-piston variants) or a
micro-turbine.

DE systems require two-axis sun tracking systermsoéfier very high concentration
factors and operating temperatures. However, taeg lyet to be deployed on any significant
commercial scale. Research currently focuses orbowd sterling engines and generators to

produce electricity.

The main advantages of DE systems include highieffcy (i.e. up to 30%) and

modularity (i.e. 5 to 50 kW), which is suitable fdistributed generation.
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Unlike other CSP options, DE systems do not neetirgpsystems for the exhaust
heat. This makes DE suitable for use in water-caimstd regions, though at relatively high
electricity generation costs compared to other G&tions. The DE technology is still under
demonstration and investment costs are still Higtveral DE prototypes have successfully

operated over the last ten years with capacitieging from 10 to 100 kW (e.g. Big Dish,

Australian National University). The Big Dish tedlogy uses an ammonia based

thermo chemical storage system.

FIGURE 1.5:MODULATED DISH-STERLING POWER PLANT INSTALLATION [17]

Thermal storage systems for DE are still under ldgreent. Multi-megawatt DE
projects (i.e. up to 100 MW) have been proposedasedinder consideration in Australia and
the United States.

At present, more than 90% of the insth@SP capacity consists of PTC plants; CRS
plants total about 70 MW and LFR plants about 40 M\¢omparison of CSP technology

performance is shown in table 1.2.

32



Chapter I. Concentrated Solar Power, State of thad Background

TABLE 1.1:CHARACTERISTICS OF SOLAR THERMAL ELECTRICITY SYSTEN(LS8].

Parabolic troughs Central Receiver Dish-Stirling
Power Unit 30-80 Mw* 10-200 MW* 5-25 kW
Temperature operation 390 °C 565 °C 750 °C
Annual capactty factor 23-50 %* 20-77 %* 0,25
Peak efficiency 20% 23% 29.4 %
Net anual efficiency 11-16 %* 7-20 %* 12-25 %
Commercial status Mature Early projects Prototypesomstration
Technology risk Low Medium High
Thermal storage Limited Yes Batteries
Hybrid schemes Yes Yes Yes
Cost Winstalled =~ —mmmmmmm e s
$W 3.49-2.34* 3,83-2,16* 11.00-1 .14*
$/Wpeak** 3.49-1.13* 2,09-0,78* 11 .00-0.96*
* Data interval for the period 2010-2025
** \Without thermal storage.

1.2.3. Design of CSP

The design of a solar power plant involves an adtve process in which the level of
detail is refined in each construction phases. &liesign phases include site selection, the
calculation of the concentration ratio of the sakactricity generation system selected,
carrying—on direct normal irradiance measuremdiiis leads to the establishment of a
feasibility study for the implementation of thea&opower plant to the dedicated site. The
design phases are not successive steps and tleehigis degree of information exchange

among the various design phases.

[.2.3.1.Theoretical concentration ratio calculation

Solar concentrating systems are characterizedeoygh of devices, such as mirrors or
lenses, which are able to redirect the inciderdrs@diation received onto a particular

surface, collector surface;fand concentrate it onto a smaller surface, aesa@torface Ays

The quotient of areas is called the geometric catnagon ratio,

See figure 1.6

We will determine the theoretical maximum conceidraratio of the focal spot or the
focal line in parabolic systems. The Sun imagénefocal plane is an ambiguous spot whose

total size and form depend on the aperture of tinermand on the range of the rim angle
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FIGURE 1.6: CONCENTRATION RATIO CALCULATION ON OFF AXIS GEOMETRY[29]
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D=1 0/COP e e e (1.3)

Considering all points at the distance from theafgmoint, the Sun image in the focal plane

has acircular form with the diameter

(0 B 0Tl 0700 1 1.4
The Sun image covers the following area:

N L o o 0 1S PSRN 1 B1.2)
The diameter d of the parabolic mirror is relatedhie maximal value gfand topas follows:

and the aperture area amounts to:

e S | a.7)

The concentration ratiodge iS



Chapter I. Concentrated Solar Power, State of thad Background
|.3. State of the art of CSP

CSP uses renewable solar resource to generataagethile producing very low
levels of greenhouse-gas emissions. Thus, it hasgpotential to be a key technology for
mitigating climate change. In addition, the fleXilyiof CSP plants enhances energy security.

Unlike solar photovoltaic (PV) technologies, CSRB ha inherent capacity to store heat
energy for short periods of time for later convensio electricity.
When combined with thermal storage capacity, C&Rtplcan continue to produce electricity
even when clouds block the sun or after sun dov@R @lants can also be equipped with
backup power from fossil fuels.

1.3.1. Central Receiver System

Central receiver system with large heliostat fieddsd solar cavity receivers located on

top of a tower are now in a position for deploymeinthe first generation of grid-connected

commercial plants. The first one began operatin@atifornia in 1980 spurred by federal and
state tax incentives and mandatory long term pguechase contracts. From 1990 to 2000, a
drop in fossil fuel prices pushed the governmemtepeal the policy framework that has
supported the development of CSP. In the last dedhd market re-emerged again especially
in Spain, the USA and Algeria in response to govemt incentive measures such as feed-in
tariffs [19, 23].

Falcone et al. have reported the experiments obthar One plant of 10 MWThey
have tested two HTF systems. In the first testwhter/steam has been used as a working
fluid. The results have shown a receiver outlearstéemperature of about 510°C at 10.3 MPa
[25]. In the second experiment, the molten salt kfich is a mixture of 60% sodium nitrate
and 40% of potassium nitrate was tested. A recaudet temperature of 565 °C has been

reached.

The Solar One power plant is equipped with a théenargy storage system that
increases the capacity factor to about 30%. Thge&irdemonstration molten salt power tower
is the 10MW Solar Two plant that is located nearsBaw, in California (USA). The plant has
begun operating in June 1996, and has succesdeiipnstrated the potential of nitrate salt
technology. A 13.5 % overall efficiency has beesicteed [23, 25].

The 17 MW Solar Tres power plant erected in Spaithe first commercial molten salt

power tower. It has the same concept as Solar Owernplant and Solar Two power plant.
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Known also as Gemasolar, Solar Tres power planahasnual capacity factor of about
64%. Moreover, this ratio can reach 71% in hylbmade. The LEC is estimated to be about
0.16 $/kwh[18].

Recently, there are many central receiver powenrtpltnat are underway or in the
planning stage. The Ivanpah power plant, whichaslenup of 3 units of 392 MW each, is
under construction in San Bernardino County, Califtn USA [21].

In 2006, the 11 MWCRS power plant PS10 was built by Abengoa Sol&wemwille
Spain. It has been followed by the20 Myower tower plants PS20 in the same location, the5
MW Sierra Sun Tower (in Lancaster, USA) and theMW in Julich Germany in 2009
[20,21].

Since 2011, the Gemasolar power plant, built inirspa large as the PS 20 power
plant, but with surrounded heliostat field and1&drage capacity, has been operating and
delivering power for grid utility. After the thrggoneer CSP countries, i.e., the USA,
Germany and Spain, China have entered the CSP tirk@&plementing, in 2010, the
Beijing Yanqing solar power plant. It has been tf@lowed by Beijing Badaling Solar
Tower in 2012 [18.21].

The most important central receiver power plantsgaration or under erection

throughout the world are reported in table1.3 below
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Table 1.2 State of the art of central receiver power

Project aronym Plant status Couniry built-in Plant rate
S3P Expetimentz] Spain 03
EURELICE Expetimentz] Iizly l
SUNSHINE Expetimenz] Izpzn 1

Solzr one CommercEl Californiz, TBA 1MW
CEBA-] Expetiment] Spein l
MSEEICATE Expstimenz] IEEN l
THEMIE Expstimenz] Frnos 15
SPRS Expetimenz] Ruzziz 5

T4 Expetimenz] Spein 1

Solar two CommercEl Calfornie, T3A DMW
Solar tres Commarcil Sevills, Spam 15 MW
Solar 3oustro Commegeizl Sothans Spein HMW
Solzr 100 Commesri] Souwthestarn, TEA  LOMW
(CERO Solrezs Expetimenz] Austrliz LMW
B 1 Commercil Sevills, Spain 1MW
Filich Expetimentz] Germzny L3 MW
Arms Expetimenz] Indiz LMW
Cemzzoler Commarcizl Sevills, Spain I58MW
Consoler Expetimen &1 JE3 45 MW
Solgate Expetiment] Spein 03 MW
Euziz Expstimenz] Spein INW
Yenging Expetimen e Chinz, yanging LMW

HTF
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Table 1.3 State of the art of central receiver power p

Project acronym Plant status Country built-in Plant rate  HTF Surface o fmirrors Land area Receiver type Year start production Storage Receiver Tout
Lake Cargelligo Exp erimental Australia I MW Water/Steam 6080 m* ~ ~ 2011 Other 500
CSIRO Brayton Exp erimental Australia 1MW Air ~ ~ Cavity 2011 ~ ~
PS 20 Commercial Seville, Spain 20 MW Water/Steam 1618 m? 210 acres Cavity 2012 1 300
Greenway Exp erimental Tutkey L4MW Water/Steam ~ ~ Cavity 2012 ~ ~
Beiging Badaling Exp erimental China LOMW ~ 10000 m® 13 acres Cavity 2012 lh ~
Delingha Commercial China 50 MW ~ ~ ~ ~ 2013 ~ ~
E-cube 1 Exp erimental China 1MW ~ ~ ~ ~ 2013 ~ ~
Sierra sun tower Commercial Califomie, USA 5.0MW Water/Steam 27670 m* ~ Cavity/external 2014 None 440
Ivanpah (3 units) Commercial Califomie, USA 37TMW  Water/Steam 2600000 m?® 3500 acres External 2014 Other 570
Khi Solar one Commercial South Afiica 50 MW Water/Steam 576300 n? ~ ~ 2014 2h ~
Jemalong solar Exp erimental Australia L1MW Liguid sodium 15000 n?® 10 hectare ~ 2014 ih 560
BrightSource Covote 1 Commercial Nevada, USA 200 M Water/Steam ~ ~ ~ 2014 ~ ~
Crescent dunes Commercial Nevada, USA 110 MW Molten salt 1071361m? 1600 acres Esternal 2015 10h 565
BrightSource Coyote? Commercial Nevada USA 200 MW Water/Steam  ~ ~ ~ 2015 ~ ~
Supcon Solar Commercial China 50 MW Molten salt 434880 m* 330 hectare Cavity 2016 2.5 ~
Rice Solar energy Commercial Califomie, USA 1530 MW Molten salt 1071361 o 1410 acres External 2016 Other 560
Palen solar Commercial Califomie, USA 500 MW ~ ~ 1537 hectare 2016 None ~
BrightSource PG&E S  Commercial Califomie, USA 200 MW Water/Steam ~ ~ ~ 2016 ~ ~
BrightSource PG&E6 Commercial Califomie, USA 200 MW Water/Steam ~ ~ ~ 2016 ~ ~
Ashalim TSPS Commercial Israel 121 MW ~ ~ ~ 2017 None ~
Noor I Commercial Morocco 1530 MW Molten salt ~ ~ ~ 2017 3 ~
BrightSource PG&E7 Commercial Califomie, USA 200 M Water/Steam ~ ~ ~ 2017 ~ ~
Atacama-1 Commercial Chilie 110 MW Molten salt 1484000 m? 700 hectare 70 2018 17.5 550
Red stone Commercial South Afiica 100 MW Molten salt ~ ~ ~ 2018 12 366
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Nowadays many power tower projects are underwayowiate and most of them will
be operational in 2013. In Spain, about 700 MW SPplants are being commissioned.
For the USA, a total of 1.2 GW CSP power instadiasi are underway and should be in
operation in 2013. Near San Bernardino County,fQailia, the largest plant lvanpah has
reached around 75% completion more than 10.135 G @wer installations are
announced mainly by the USA and Spain but alsotipa[19, 20].

Projects in the field are also under consideratiaihe Sun Belt countries such as
Algeria, Morocco, Saudi Arabia and India [19, 23&udi Arabia has recently announced an
enormous deployment of CSP technology in over the B0 years, with a target of 25 GW
by2032 [20, 21]. In the USA, a large part of thejects are for the 200500 MW CRS power
plants.

The Palen project includes two 250 MWaadpt power plants similar to lvanpah
technology. Each plant is designed with about83@#ldstats for sunlight reflection to the
receiver located on the top of a 228 m tower. Etgubto be operational by June2016, this
project insight is projected to start by the en@@13[21, 24].

Likewise, Bright Source is developing another tva® B1W projects named Rio Mesa
and Hidden Hills. These two projects are stillhe tertification process. On the other hand,
in Arizona, Crossroads Solar Energy Project theltishes a 150 MW tower technology and a
65 MW solar photovoltaic (PV) technology is beirgydloped by Solar Reserve’s [18, 21].

1.3.2. Design procedure

In power towers or central receiver systems, ingidenrays are tracked by large
mirrored collectors (heliostats), which concenttaie energy flux onto radiative /convective
heat exchangers called solar receivers, where ginetansferred to a thermal fluid,

mounted on top of a tower.
It is constituted of the main element:

- Collector system, or heliostat field, created vatlarge number of two-axis tracking
units distributed in rows;

- Solar receiver, where the concentrated flux is ddesh It is the key element of the
plant and serves as the interface between the gotaon of the plant and the more
conventional power block;

- Heat exchanger system, where a heat transferrflaiglbe used to carry the thermal

energy from the receiver to the turbine;
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- Heat storage system, with which system dispatdityals ensured during events like
cloud passages, and can adapt to demand;

- Fossil fuel backup for hybrid systems with a mdebke output;

- Power block, including steam generator and turkibernator;

- Master control, UPS, and heat rejection systems

1.3.2.1. Available solar radiation source informati

There are two reliable sources that provide infaiomaon the two of the most basic
meteorological parameters: monthly mean temperatudesolar radiation. These sources are
the NASA website [28] and TUTIEMPO [29]. NASA ha®gduced a grid map of the
longitude. The solar radiation data are an estonatiat has been produced from satellite-
based scans of terrestrial cloud cover. Note tie®A does not provide the mean-daily
maximum and minimum temperature.

TUTIEMPO on the other hand provides daily mean, imax and minimum
temperature data for any given location. The degdbased on measurements carried out by a
wide network of meteorological stations and hehese latter data are very reliable. Note
that the NASA data are available on a mean-mortasys, whereas TUTIEMPO are
downloadable on a day-by-day basis. It is importamemember that NASA data are based
on satellite observations that represent inferaddes of irradiation; in contrast, TUTIEMPO

provides ground measured data for temperature.

Hence, if reliable regressions are available betvweadiation and mean temperature,
then the latter data may be used to obtain moltestieastimates of irradiation.

1.3.3.2. Description and review of used software

In this section, a description and a review ofwafe and codes that have been used in

the literature for concentrating solar power (C&8®glysis and simulation is given[27].

The software and codes are described accordingeimfece CSP technologies: power

tower systems, linear concentrator systems, ardetigine systems.

In the present review, a description of probabdistethods for uncertainty and
sensitivity analyses of concentrating solar poweehhologies is also provided.

1.3.3.3. Optical design and performance of heliofstdds
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Central receiver power towers consist of a fieldaoge, nearly-flat mirror (heliostats)
that track the sun and focus the sunlight ontaaiver on top of a tower. In a typical
configuration, a heat-transfer fluid such as watedm or molten-nitrate salt is heated in the

receiver and used to power a conventional stealmAgipower cycle to generate electricity.

Excess thermal energy can be stored during daytigias to allow operation of the
steam turbine during night. An advantage of poweietr systems over linear concentrator
systems is that higher temperatures can be achievwbd working fluid. Higher temperatures

can lead to a lower-cost storage system.
= ASAP

ASAP is commercial ray-tracing software that perfsroptical simulations of various
geometries and systems. It renders system geomayriraces, and light sources, and it
models visible, ultraviolet, and infrared radiatidincan optimize optical systems with an
optimization interface, and it can import geometaya from Solid Works via an IGES (Initial
Graphics Exchange Specification) translator. The distribution reflected from solar
collectors can only be projected on planar surfaceently, but the next version will allow

conformal mapping of the flux distribution on nolaipar surfaces
= DELSOL

DELSOL is a performance and design code that imduaptical and economic
analyses. An analytical Hermite polynomial expan&ionvolution-of-moments method is
used to predict flux images from the heliostata computationally efficient manner. The
code accounts for variations in insolation, cosareshortening, shadowing and blocking, and
spillage, along with atmospheric attenuation, niiemad receiver reflectivity, receiver

radiation and convection, and piping losses. Thieaan be used to evaluate the system

levelized energy cost and optimize the field layoeteiver dimensions, and tower height
based on these costs. The code is written in FORTRAand input to the code is entered via
user-specified text files [26].

= HELIOS

HELIOS uses cone optics to evaluate the solardensity from fields ranging from 1
to 559 individual heliostats (or cells with mulgpheliostats). Parabolic dish and other
collector shapes can also be evaluated with HELI®.code accounts for shadowing,
blocking, declination of the sun, earth orbit edderty, molecular and aerosol scattering,

atmospheric refraction, angular distribution ofdnang solar rays, reflectivity, shapes of
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focused facets, and error distributions in theagtefcurvature, aiming, facet orientation, and
shadowing and blocking.

= MIRVAL

MIRVAL is a Monte Carlo ray-tracing program thataaates field efficiencies and
flux maps for individual heliostats and centralewer systems. Monte Carlo ray tracing
methodology consists of following stochastic paiha large number of rays as they interact

with the surfaces. Each ray has a specific diraciod carries a certain amount of energy.

The irradiance of a surface is proportional torthenber of impacting rays, and the
reflection of the rays depends on the emissivégetve, and absorptive behavior in the

surface.

It accounts for shadowing, blocking, heliostat kiag, angular distribution of incoming
solar rays, scattering, attenuation between thiestats and receiver, reflectivity, aiming

strategies, and random errors in heliostat trackimdjconformation of the reflective surface.

Three partial receiver configurations and four dstht types are included in the

program. Input to the code is entered via useripddext files.
= SOLTRACE

SolTrace is an optical simulation tool designedtmdel optical systems used in
concentrating solar power (CSP) applications. Tdaeavas first written in early 2003, but
has seen significant modifications and changesstsdnception, including conversion from
a Pascal-based software development platform ta Selrace is unique in that it can model
virtually any optical system utilizing the sun &g source. It has been made available for free
and as such is in use worldwide by industry, ursies, and research laboratories.

The fundamental design of the code is discussetljdmg enhancements and

improvements over the earlier version. Comparismagnade with other optical modeling

tools, both non-commercial and commercial in natineally, modeled results are shown for

some typical CSP systems and, in one case, comfmanedasured optical data.
= Tonatiuh

The Tonatiuhis an open source code configuratiotting-edge, accurate, and easy to
use Monte Carlo ray tracer for the optical simwolatf solar concentrating systems. It intends

to advance the state-of-the-art of the simulatomist available for the design and analysis of
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solar concentrating systems, and to make thoss |y available to anyone interested in
using and improving them. Some of the most reledasign goals of Tonatiuh are:

- To develop a robust theoretical foundation that fatdilitate the optical simulation of
almost any type of solar concentrating systems.

- To exhibit a clean and flexible software architeetuhat will allow the user to adapt,
expand, increase, and modify its functionalitiedhvaase.

= HFLCAL

Development of HFLCAL started in the early 80’sMichael Kiera and was
developed for two main tasks; the calculation efannual plant output at a given
configuration and the layout and optimization #b&l system. Today it continues to be used
and developed by the DLR, who uses it for the layma optimization of heliostat fields. The
software uses a simplified mathematical model oicemtrator optics, modeling the reflected
image of each heliostat by a circular normal disition. Although ray tracing techniques
have the advantage of reproducing real interacti@tseen reflective surfaces, each ray has
to be modeled, which requires large computatioms$irompared to simpler mathematical

models.

Few of the codes reviewed employed Monte Carlo ouztHor field optimization.
HFLCAL features include: automatic multi aimingceadary concentrator optics, tower

reflector systems, various receiver models anditfi@y of least-cost optimization.
= STRAL

STRAL is a completely new ray tracing software whigenerates rays on the surface of
the heliostat, as opposed to generating the ragglane above the heliostats. As no rays ever

miss the target, it is computationally more effitithan other tools. STRAL enables the setup

of heliostat field models in great detail usinghijgresolved heliostat mirror surface and

geometry data as well as real sun shapes and bipekid shading.
= TieSol

The TieSol suite uses the parallel processing pofv&raphic Processing Units (GPU)
to implement extremely fast Monte Carlo ray traciwell beyond the currently available
capabilities of other software.

The software suite allows for the deseymlysis and optimization of CRS systems.
This is achieved by analyzing the effects of défgroptical and mechanical errors on the

field, receiver flux map computation, as well ascegncy and annual performance
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computation. Tietronix has developed an advancsailization tool for TieSol capable of
displaying the heliostat tracking in real time

= HFLD
HFLD is a MATLAB code for field layout design based the edge ray principal of
non-imaging optics. The edge ray principal simptes that if the limiting rays (rays coming
from the edges of the source) are transferredeogbeiver, this will ensure that all rays

coming from the inner points in the source will enmbn the receiver.

The accuracy and feasibility of the HFLD code hasrbconfirmed by comparing with
published data from the PS10 field. When comparildl ether codes, such as DELSOL,
HFLD has a shorter computational time during desigt optimization of the heliostat field.

The code also calculates the annual sunshine aatia@uon the land surface between

heliostats, to evaluate the feasibility of cropvgtto

1.3.3.4.Heat transfer fluid (HTF) transport, exchanand storage power cycle

= RADSOLVER

Radsolver calculates the radiation energy trangittin arbitrarily shaped solar cavity
receivers. It accounts for non-gray surfaces acdramodates wavelength-dependent
radiative properties for emission and reflectiomgsan arbitrary number of wavelength
bands. RADSOLVER includes thermal emission anaotitbn and absorption of thermal and
solar radiation within zones defined for the cavifpnvection of air within the cavity is
neglected. Input to the code is entered via useciBpd text files.

= SAM advisor

SAM includes high-level models for piping heat l@s&l thermal storage, but these
components are treated as “lumped” systems. Explicdels of spatial and temporal
processes within these subsystem components anechaled

= SOLERGY

Solergy performs an energy balance on the entssyand accounts for heat losses in

each component, including piping and storage thelosaes
= TRNSYS

TRYNSYS is a software platform that enables ther uiesemodel different transient

systems using modular components. Each compongrgsents a physical process or feature
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in the system, and components can be developeddd®t], as needed, to a system model. A
component reads in a text-based input file andidesvoutput through the solution of

algebraic or differential equations. Componentduithe solar thermal collectors (parabolic
concentrating solar collector, flat plate solardector), heat exchangers (counter-flow, cross-
flow, parallel flow, shell-andtube, waste heat nemo etc.), thermal storage tanks (stratified,
variable volume, etc.), hydraulics (pumps, pipedue&s, etc.), controllers, and more. Specific
processes can be modeled for subcomponents of dta¢ $ystem, and total-system
performance analyses can also be performed. Thwasef contains a GUI that allows drag-

and-drop arrangement and editing of component icons
= GATECYCLE

GATECYCLE is commercial software that models thefqrenance of Rankine, gas-
turbine, and combined power cycles via mass andggnealances in each component. It
includes component-level processes such as foutiregsure losses, boiler operations, and
cooling tower operations. Design and off-designfgpenrance can be simulated to evaluate
potential system modifications. A graphical useteiface is used to construct the power

cycles and enter data
= IPSEPRO

IPSEPRO is commercial software that contains afsetodules for simulating heat and
mass balances in power plants and heating systéhgs.software can be used to predict

design and off-design performance and estimates chstng conceptual design. IPSEPRO

also allows the user to create new component madelsw model libraries. A graphical user
interface is used to build models and enter data.

= STEAMPRO

STEAMPRO is commercial software that solves maskearergy balances to simulate

the performance for Rankine-cycle steam power pldbsign criteria and inputs for system

components are prescribed by the user. SimilarA®GELCYCLE, the user constructs a model

by connecting appropriate building blocks via aptiaal user interface.

1.3.3.4.Probabilistic modeling

All of the codes evaluated implement deterministialuations of the system or

component performance, which yield a single vatrdtie simulated output (e.g., LEC).
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Input parameters are typically entered as speddices rather than distributions of
values that integrate the inherent uncertainty amynof the system features and processes. As
a result, the confidence of the result and unaastaissociated with the results are not

reported.

The confidence and likelihood of the simulated mge.g., levelized energy cost)
being above or below a particular value or rangelbmareadily assessed and presented using

these probabilistic methods.

In addition, sensitivity analyses can be used withbabilistic analyses to determine the
most important components, features, and/or presdabsit impact the simulated

performance.

This information can be used to guide and priagifizture research and

characterization activities that are truly impottemthe relevant performance metrics.

Uncertainty analyses were performed by Kolb ef1#194) to evaluate the impact of
uncertainties in input parameters on central rezgrerformance models of levelized energy
cost. A screening analysis was first conductecetertnine a subset [32] of the hundreds of
input parameters that would be assigned uncertdistsibutions as opposed to deterministic

point values. A stepwise regression analysis was fflerformed to determine the input

parameters that were most correlated to the véitiabf the simulated performance metric

(levelized energy cost).

1.3.3.5.Code selection procedure

Garcia et al, suggested a strategy of code setefdirandustrial projects, to first
determine the general layout of the plant in teofi®wer height, heliostat position [28].Then
perform a detailed study including a closer desicnipof the heliostat flux and field
performance. This latter task can be performed aithof the Monte Carlo ray tracers, while
the layout can be performed with the HFLCAL or HFtBdes. The authors then suggest that
the system is modeled with tools such as TRYNSW38¢lvcan model the transient behavior
of thermal systems [28], or the Solar Advisor Mo&AM), which supports industry
calculations of the cost of energy [29]. For a agsker, there is no standard tool.
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The cavity of a solar central receiver plant inggts and absorbs sunlight from thousand
concentrating heliostats. Its basic function isabrcentration of the direct solar radiation flux,

and converts it to thermal energy.

II.1. Geometry modeling for the cavity receiver
The sizing procedure of the receiver from optic gadmetric consideration is carried out

in this section.

The geometry of the cavity is designed such thaiaximizes the absorption of the

entering radiation, minimizes the heat loss by eation and radiation to the ambient.

For the design of the receiver, the active tubes|saiorm the absorbing surface inside of a

shieldedcavity.

The radiation is focused on the aperture of thétgauch that the solar is distributed over

the four adjacent panels that form the semi-cyloadiinterior absorbing surface. Figure 2.1

Hpannel
Hap eriure 7&; Hlip ;

N

iy

FIGURE 2.1:3D VIEW OF THE CAVITY RECEIVER GEOMETRY
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The temperature of the absorber panels variesweittical position in a manner dependent
on the incident solar flux and flow direction o&tRTF. In this case, the HTF is assumed to
enter at the bottom of each receiver panel (dbvtest temperature) and flow vertically through
tubing to an outlet header located at the top efadnel (Figure 2.2).

receiver surface

height : _,——receiver aperture

width

A

FIGURE2.2: TUBULAR CONFIGURATION OF THE CAVITY RECEIVER PANEL[31]

In the present work, the dimensions of the catyeiver are chosen through optimization
functions in SAM to provide a name plate electiwever of 20 MW. The resulting dimensions
are given in table 2.1 below.

48



Chapter Il. Central Receiver System Design andripétion

Table 2.1: Selected geometric dimensions of théyesceiver and predicated performance

parameter{47]
H panel [m] 15.74
H lip [m] 1.60
H aperture [m] 14.31
W aperture [m] 14.00
Tube outer diameter [mm] 60
required HTF outlet temperature [°C] 574
Maximum allowable flux density [kW/m?] 800
Maw flow rate to receiver [kg/s] 622.16
Receiver design thermal power [kW] 91.76

[I.2.Energy balance model applied in the presamdyst

As represented in figure 2.3, the global steade ftaergy balance components of the cavity
receiver within the control volume dx is given muation2.1.

Shaded side
Tw = Thtt

FIGURE 2.3: THE ENERGY BALANCE MODEL FOR SINGLE RECEIVER TUBE
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Qrec = Qref + dconv + Qirrd + mhtf Chtf'AThtf ................................ (21)

The receiver energy balance is founded by two t€emergy losses terms and energy gain

terms). Therefore, the result of an energy balapgtied to a single tube at position x on

panel N can be scaled by the number of tubes irptnzel. Since each tube is then essentially
the same of its neighbor, tube-to-tube conductimhradiation exchange is neglected. Axial
conduction is also neglected since the much largernal convection due to salt flowing in the

tubes dominates over the relatively large resiggaoconduction

[1.3.Energy losses terms modeling

The energy losses from the cavity receiver are medden three terms:

* The reflective radiation losses represented byitsiecomponent in the equation 2.1;
» The convective heat losses represented by the deéeon;

* The radiation losses represented by the third term.

In a cavity receiver, convective lossas be reduced because the absorbing surfaces are
protected from direct wind influence and the heatednside the cavity is inhibited from
escaping to the environment by the ceiling consisac

The radiation losses from the active surfaces aréypabsorbed by inactive surfaces on
the side walls, which reheat the air inside thatgaConsequently, the air inside the cavity is
assumed to be at higher temperatures than the anadeConvection losses can be separated

into natural convection due to buoyancy and formaavection driven by ambient winds.
[1.3.1.The reflective radiation losses
The proportion of the radiation incident on theeiger surface that is reflected depends

on the absorptivity of the receiver surface coaind on the incidence angle of the radiation
intersecting the surface.

The energy that is initially reflected from the ®ws represented by theerm. The
receiver model assumes a constant, spectrally emkgmt, hemispherical absorptivity) for the

receiver surface elements. [02]

Qrefx = (1= @).De Ny Qfjorae AXonnvvv i (2.2)
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[1.3.2.The convective heat losses
Convection losses can be separated into naturakction due to buoyancy and forced
convection driven by ambient winds.

The geometry of cavity-type receivers offers theepbal to reduce long-wave radiation

losses as well as convective heat losses compaibe external receiver type.

A review of the literature shows a number of inigegions on natural convection losses
cavity receivers; however, it is imprecise whettin@se correlations can be applied for the
significantly higher wall temperatures and largayRigh numbers that are present at central
receivers system.[32]

T . N ¢ L /S R (2.3)
D = N Nied coeevreee e e (2.4)

h: Global convective heat transfer coefficient [WA}2

hscq: Forced convection heat transfer coefficient [WKu?

h,.q+. Natural convection heat transfer coefficient [VXA]);

A, Cavity aperture area [m?]

T,,: Internal cavity wall temperature [°K]

T,: Ambient air temperature [°K]

[1.3.2.1.The forced convection heat losses

As stated in earlier studies [32, 33], forced catiem heat losses have been investigated
experimentally. No correlations are available faedacting forced or mixed convection from
cavity receivers. Few experimental investigatioagehbeen performed in this area, with the
results being somewhat contradictory. It has beggested that as first approximation, forced
convection from a flat plate with the size of theedure at the receiver average temperature
could be used [32]. Later experiments showed tietia effects on convection become
significant and the natural convection correlatiorey not be representative anymore at
Richardson numbers lower than 0.2 [32, 33].
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The ratio of the Grashof number to the square @Rbynolds number is a use ful
indicator of the driving forces of the flow and tefre what kind of convection mechanism has

to be considered in transfer model. This ratidss aalled Richardson number.

RE = o (25)

Re?

Nellis, G. and Klein, S.A, have determined thatand velocities below 5 m/s, natural
convection is the dominant mechanism of convedir@t transfer; forced convection is an
insignificant influence. With increasing velocityr€ed convection becomes an increasingly

significant mechanism of convective heat transfer.

For wind velocities between 6-20 m/s, a mixed cativa heat transfer regime has to be

considered. For wind velocities higher than 25 fuoissed convection are dominant.

The cavity receiver is mounted at the top of tHarsimwer. To account for the increasing
wind velocity with increased elevation the cornelatin equation (2.6) from (Duffie, J. A.,
Beckman, W.A.,2006) is used

0.14
Uuq _ ﬁ
== (22) ......................................................................................... 2.6)
12

—— Duration Curve (Tamanresset)

Wind velocily (m/f#)

L1 I 11 I
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FIGURE 2.4:WIND VELOCITY PROFILE FOR MEASUREMENTS OVER HOURGIEAN VALUE ).
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Figure 2.4 shows that a significant time of therytea wind velocity is low enough so that
forced convection is not expected to have a donmganfluence on the convection heat loss
mechanism inside the cavity. The majority of thary@ind velocities are of a magnitude that
forced convection needs to be considered in from mixed convection regime. The wind never
exceeds wind velocities of 12 m/s, natural conwgcis a significant convection mechanism

over the full range of observed wind speeds.

[1.3.2.2.The natural convection heat losses

In earlier research works, an equation that sdimethe heat losses through the aperture
due to natural convection was reported [32, 33¢ Nsselt number correlation reported same

works is derived from experimental work on cubicavities.

1 rp 018
Nu = 0.088. Gr5. (T—) ....................................................................... 2.7)

0

The correlation is applicable for Grashof numbarthe ranget0® < Gr < 102 . All

properties in the dimensionless numbers are evalugtambient temperature [02, 03 and 04].

The wall temperature is the average of all inteoaaity surface temperatures. The Grashof

number is defined as [02]:

GT gﬁ(TW_TO)

LT L L L T TP P TP P E NP TE PP PPPPPRRRI LY (2.8)
The Nusselt number provides the heat loss coefticie
Nu.k
hnat = T ........................................................................................... (2 9)

The influence of an upper and lower lip as wellresreceiver tilt angle is correlated with

equation [02] :

Aq A3

o = hnat_o.(A—z).(A—l)O'63 e (2.10)

Figure II.1, illustrates the area definitiohs4, andA;.

A,is the complete interior surface afiganinus the lower lip area;is the wall area below the

horizontal plane passing through the bottom edgbetipper lip.

[1.3.3.The radiation heat losses
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In order to calculate the heat losses by radiatioen SAM advisor code model assumes
that the loss is not a function of time or opematiwode of the cavity receiver. This allows the
setup of some parameters: operation of wall tentperan the range of 480°C, emissivity

€=0.90, average wind speegl®17.2 m/s and ambient air temperatuge=T20°C. [32, 33].

The thermal radiation heat losses are expressaduasction of the receiver aperture area

in the following equation:
Qirrd = ETAT oo (2.10)
Whereo is the Stefan-Boltzmann constant aht the receiver aperture area.

[1.4.Heliostat field optimization algorithm

Using DELSOL 3 algorithm shown in figure 2.5, theibstat field optimization is defined
by the iterative calculation of the zone by zoneuwal average and design point optical
performance for each tower height and receiver. Jike results which are scaled are the
descriptions of heliostat images on the receiveeézh zone.

The cosine, shadowing and blocking, and atmospledtEnuation losses used in the

system optimization is described in this Sectiguife 2.6.

- Cosine losses: If the heliostat surface is notamtimal to the incident radiation, the
effective reflecting area is smaller than the catgheliostat surface.

- Shading and blocking effects: Surrounding helisstshield parts of the incoming
radiation or block the reflected radiation.

- Atmospheric scatter: Particles in the air absorbefiect part of the radiation on its way
to the receiver.

- Spillage: A fraction of the reflected heliostat igeadoes not the target surface due to
multiple sources (tracking inaccuracies, influentée tower, shape of the sun, etc.)

The overall heliostat field efficiency utilized Ilye cavity receiver model is defined as the
incident radiative power on the receiver, whichihe product of the average solar fligx.and

the active receiver surfade,., divided by the total radiation on the heliostatd.

drec-Arec
: e 2.12
Nfield DNI.Apo-Nhep ( )
éIrec- Arec = éIhel.total- _éIloss.field .................................................... (213)
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1. INPUT VARIABLES
o . 1. OuTPUT
. . DETAILED ANNUAL
— Heliostar design
. OPTICAL > ) .
— Field layout Efficiency
. PERFORMANCE -
— Tower and receiver Receiver Flux

Iterate tower and receiver sizes =

2. INPUT VARIABLES

— Receiver type, size
— Tower heights

— Power levels

— Flux, land constraints

Fast calculation -- New performance

Non -- Optical performance

Heliostal field layoul

Design constraints

Cost and economics

l

FINDs LOWEST
ENERGY COST
OPTIMIZER

!
/ 2. 0UTPTT \

Best design versus

. SAVE SYSTEM IF LOWEST ENERGY
# Power performance

# Capital investment
» Energy cost

\> Field layvout /

FIGURE 2.5:DELSOL ALGORITHM PRINCIPAL LSED IN THE PRESENBIMULATION. [34, 35]
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FIGURE 2.6: DIFFERENT TYPE OF LOSSES FOR CENTRAL RECEIVER TOWER PLANT

DELSOL 3 provides options for a single-point aimbeghnique (where the complete flux
is focused on a central point of the receiver pareahd a smart aiming technique (where the flux

is vertically and horizontally spread out along #fisorbing surface).

During optimization, DELSOL 3 works with the fieldefined by the minimum and
maximum field dimensions and the heliostat dersitie each zone, for which performances

were calculated during an initial performance claton.

Each zone is rated by a performance/cost BiR, and zones are packed with heliostats,

starting with that zone having the b&¢IR, until a requested power is reached.

PCR = el e (2.14)
Cfield
Where:
nfield = Ncos-Nshad-Nblock-Tatm:Tintr ««----vevvrrrrrmmmeemi i i, (215)

The different terms of losses are defined as:

Ncos COSINE efficiency = 1- COSINE [0SSES......vuiiniiiit i e e e (2.16)
Nshad Shadowing efficiency = 1- shadowing l0SSES ........coceiiiiiiiiiiiin i, (2.15)
Noiock: PlOCKing efficiency = 1- blocking 10SSES ......ovviviiiieee e, (2.16)
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Narm @tmospheric transmittance efficiency= 1- atmosighatenuation ..................... (2.17)

The cost of each element of the heliostat fieldespnted by the tertp, 4 is comprised

of three parts:

Chel +C1and + Cwire

Chelg = g RIS — i (2.18)
Where:
Chol = C°Z;i}fc:‘cee:]f;‘l‘;:zzt:::[‘gj][$] for all heliostat in the field ; ..........c.......... (@1
Cland = ;3::;;23;;:‘;‘&52 mirmrzensity e (2.20)
Crang = Sixe cost [§] e, (2.21)

heliostat Xglassarea/ . !
heliostat

A PCR is calculated for each zone, and the zonesealected from best to worst PCR
before optimization starts. As each zone is quiaadtifthe design point thermal power to the
receiver, the annual energy production from thélfiand the total field costs (heliostats, land,
and wiring) are updated.

However, the thermal output power from the receardt piping radiation and convection

losses are recalculated to determine the net elaichrower production.

A Az

]
Tower

FIGURE 2.7:RADIAL STAGGERED ARRANGEMENT OF THE OPTIMIZED HELIOSTAFIELD. [36, 37,40]

The heliostat field layout could be carried outdggermining the optimal values of the

radial spacing\R, and azimuth spacingAz. There are various optimization procedures to
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establish these two geometric position parame@ms. of the most effective procedures is the
radial staggered layout which is shown in figure. 2.

For a power plant with a north-south configuratéon cavity receiver, the empirical
relations, given by equation2.22 and equation Za8,be used to calculate the radial and
azimuth spacing.

As represented in figure2.8, these relations depésalon the loft anglexj between the

heliostat, the ground and the tower. They are deterd using curve fits method [03, 04].

AR/ =1[62.32+0.63 xE + (0.84 + 0.16 *E) x cosa] x 0~ — [0.53 + 0.08 *E +
Hy

(0.19 + 0.06 * E) * cos a] + [2.25 + 0.21  E + (0.84 + 0.16 * E) * cos a] * (—) ......

The combination of all the above factors affecting performance of the solar field
should be optimized to determine an efficient lay&ince a large area of land is required to
install big central receiver CRS power plant, coempbptimization algorithms are used to
optimize the annual energy produced by unit of land

DELSOL3 algorithm includes an analytical Hermitdymomial expansion-convolution
method which is used to predict flux images from hieliostats field.

This algorithm implemented under SAM advisor sofevis used to assess the power plant
optical performance. In this work, a simulation bagn carried out to determine the optimum

layout giving a trade-off between performance, £@std energy flux absorbed by the receiver.
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FIGURE 2.8: CONCEPTION OF THE OFfAXIS OPTICS OF HELIOSTATS REPRESENTING THE LOFT ANGLE
A.

[1.5. Heat transfer fluid system

Two types of coolants or heat transfer fluids ageduin today’s solar power towers: water
in a latent energy change configuration and sippkse sensible energy change molten salts.

As molten salt has a high energy storage capaeity@ume (500—700 kWh/j they are
excellent candidates for solar thermal power plaitis large capacity factors. Even though
nitrate salt has a lower specific heat capacityvpérme than carbonates, they still store 250
kWh/m?®. The average heat conductivity of nitrates is®FthK and their heat capacity is about
1.6 kJ/kgK.

A widely used salt composition of 60% Napl@nd 40% KNQcanwithstand relatively
high operating temperatures (up to 866 K) and tgk dperating temperatures potentially permit

greater turbine thermal efficiencies in the poweles.

[1.6. Energy storage with two tank model

For high annual capacity factors, solar-only powknts must have an integrated cost-
effective thermal storage system. One such thestoahge system employs molten nitrate salt as

the receiver HTF and thermal storage media. Toslable, the operating range of the
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molten nitrate salt, a mixture of 60% sodium nérand 40% potassium nitrate, must match the

operating temperatures of modern Rankine cyclariagh

In a molten-salt power tower plant, cold salt ab 2€ (550°F) is pumped from a tank at
ground level to the receiver mounted atop of a tomieere it is heated by concentrated sunlight
to 565°C(1050°F) (Figure 2.9). The salt flows b&xkground level into another tank.

To generate electricity, hot salt is pumped from hiot tank through a steam generator to

make superheated steam. The superheated steansmoRankine-cycle turbine.

POWER BLOCK

MOLTEN SALT SYSTEM I STEAM TURBINE GENERATOR :
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FIGURE 2.9: SOLAR TOWER PLANT CONFIGURATION WITH HEAT STORAGE SYSTENB8].

The collector field can be sized to collect moravpo than is demanded by the steam
generator system, and the excess salt is accumulatde hot storage tank. With this type of

storage system, solar power tower plants can dewvaith annual capacity factors up to 70%.

As molten salt has a high energy storage capaeityplume (up to 500—700 kWhjn
they are excellent candidates for solar thermalguagpants with large capacity factors. Even
though nitrate salt has a lower specific heat c&paer volume than carbonates, they still store
250 kwWh/n.

The average heat conductivity of nitrates is 0.52n\Wand their heat capacity is about 1.6

kJ/kg K. Nitrates are a cheap solution for largeagie systems.

60



Chapter II. Central Receiver System Design andriipétion

Thermal storage offers the ability to uncoupledrgneroduction of the solar plant from
the incident solar energy. This capability can Iseduto avoid the highly variable energy

production that is characteristic for other renelwamergy technologies.

In the present study, there are two tanks, onetdrik and one cold tank. The boiler is
always fed from the hot tank and once the moltématel salt has transferred heat to the water in
the unfired boiler, it goes to the cold tank. Ttask supplies the solar field, which at the same

time feeds the hot tank with the salt heated byctikectors.

In the SAM advisor model, we have considered twannparameters. The maximum
power to storage and maximum power from storagebims. They are related to the design
turbine thermal input variable on the power blookltbox, which also appears on the storage
box. The value of these variables is often closa tequal to the design turbine thermal input

value. Solar advisor calculates these values basdtie heat exchanger duty, the storage size

and the turbine design.

Using rock as a primary material and sand as anslecg material can replace 75% of the
tank volume. The Thermocline temperature degradat&ue is typically 25% of the difference

between the hot and cold storage medium tempegature

[I.7.Thermal storage dispatch control

The thermal storage dispatch controls are coeffisiéor a set of equations that model the
timing of releases of energy from the thermal epestprage system to the power block. When
the system includes thermal energy storage, Sdl@isAr can use a different dispatch strategy

for up to six different time-of-use periods.

Solar Advisor decides whether or not to operatepbeer block based on how much
energy is stored in the TES and the values of ltbkental storage dispatch controls parameters.

You can define when the power block operates foh @d the six periods.

For each time-of-use period, there are two targmtstarting the power block: one for

periods of sunshine, and one for period of no simesh

The turbine output fraction for each time-of-useiqu determines at what load level the
power block runs using energy from storage durhmg period. The load level is a function of

the turbine output fraction and design turbine edrinput.
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For each time-of-use period, during periods of bures the power block at the load level
for that period only when the available storagegsial to or greater than the product of the
storage dispatch fraction (with solar) and maximemergy in storage. Similarly, during periods
of no sunshine, the power block only runs whenavalable storage is equal to or greater than

the product of storage dispatch fraction (withalég and maximum energy in storage.

[1.8.SAM advisor model description.
System Advisor Model (SAM) was developed by the ibt&l Renewable Energy

Laboratory (NREL). It allows users to examine awmdcbmpare solar and other renewable
technologies on economic, technological and opmratibases. SAM is based on the transient
Systems Simulation (TRNSYS) program, maintained drafributed by (Klein, S.A. et al.,

2007). TRNSYS provides a software platform to matiekrmodynamic systems on a modular
basis in dependence on hourly weather data. Itidelw used to simulate renewable energy

systems.

Any process in a thermodynamic system simulate@RNSYS can be represented as a
separate module that interacts with other moduiethe system. TRNSYS offers an extensive
library of existing modules for various applicatigrmodules can also be developed by the user,
coded according to a TRNSYS template in FORTRAN emhplied in the TRNSYS dynamic
Link Library. SAM provides a graphical interface specify and run a predefined TRNSYS
simulation and to analyze the outputs. It providesailed modules in TRNSYS to simulate
complex energy systems such as concentrated soleerp(CSP), photo-voltaic systems and

solar heating systems.

SAM is a comprehensive model developed to perf@chriio-economic evaluations of
various solar technologies, and can develop plasigds and LCOE based on climate data for a
specified location. SAM models an entire CSP pleorh the collector field through to the
power block, and allows the user to specify keyapaaters such as the per unit capital cost of
different plant areas(e.g., $/k)Vthe amount of thermal storage and whether thetplses wet

or dry cooling.

[1.8.1. Solar only mode parameter definition.

[1.8.1.1.Solar multiple

The duration of solar operation is intrinsicallyded to the size of the solar collector field.

Larger fields can collect larger amounts of eneegy] thus provide nominal output with lower
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levels of solar radiation input. Over sizing théaseollector field is thus one means of extending
the duration of nominal operation, at a relativellyh cost.

The size of the solar collector field can be exgpedsn terms of the solar multiple SM,
defined using equation 2.24, as the ratio of thminal thermal power delivered by the field
Qrield to the nominal power demanded by the receivgy The nominal output from the heliostat
field is typically defined considering a direct nual irradiation of 850 W/fat solar noon on the
Equinox (21st of March or 22nd September) [47].

SM = el (2.24)
Qrec

The cost of the solar field is roughly proportiot@mthe solar multiple and, as such, the
marginal cost of increasing the duration of nomneakiver operation rises exponentially as the
solar multiple is increased above a value of SM Thgse limitations can be overcome by
the integration of thermal energy storage, whichids the need to spill excess solar heat from
the system by storing it for later use.

11.8.1.2.Capacity factor

The capacity factor of a power plant is the raticaeerage output power to peak power
that the station could deliver. Due to fluctuatiamshe availability of the primary energy source
and outages due to maintenance of the equipmentagbacity factor is never 100%.

In fact, for renewable energy sources, it is moséipw 50%.

It is therefore given by

S A
e, (2.25)

Prated T

CF =

‘Se’ being the electricity generated in a wholeryw#h solar energy) being the conversion
factor from kWh to J, andis being the time (seconds) in one year. The &pects bringing to
the technical and economic studies of CSP addedrdiions that are not present in other

renewable energy production technologies.

[1.8.2. Hybrid mode parameter definition.

SAM's CSP models calculate the energy requiredipplement solar energy in order to

maintain the solar field outlet temperature atdigsign point. The financial model accounts for
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the cost of using natural gas to meet that enezgyirement based on the LHV (lower heating
value) efficiency you specify on the power cycleltbox, and the fuel cost you specify on the
O&M page [48].

11.8.2.1.Fossil fuel fraction (FFF)

For systems with fossil-fuel backup, fossil fueddtion defines the solar output level at
which the fossil backup will run during each hofiacspecific time-of-use period. For example,
a fossil fuel fraction of 1.0 would require thaetfossil backup operate to fill in every hour
during a specified time-of-use period to 100% dfige output. In that case, during periods when
solar is providing 100% output, no fossil energyuldobe used. When solar is providing less
than 100% output, the fossil backup operates tanfithe remaining energy so that the system
achieves 100% output.

[1.9. Economic parameter definition.

[1.9.1. Levelized cost of electricity.

The levelized cost of electricity (LCOE) is theqai(per kWh) for generated electricity
that makes the net present value (NPV) of the liasitan zero. Nonetheless, if the sales price is

lower than the LCOE, the plant does not providerégiired return [41].

Z%io[li+oi+iil-:1:;ici+PTCi]
LCOE = = e (2.26)
Zico (1+1r)i]
Where:
o | investment costs in year i
o O operating and maintenance costs in year i
o F fuelcostsinyeari
o ITC; investment tax credits in year i
o PTG production tax credits in year i
o E energy generated at year i
or weighted average cost of capital (WACC)
o N lifetime of the project (years)
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[1.9.2.The weighted average cost of capital (WACC).

The weighted average cost of capital (WACC) is asuee of how much money the plant
has to pay banks and investors in order to prothden with their expected return on the assets.

The returns are shared by debt providers (bankb)revestors.
This expected return also reflects the risk assediaith this type of business.

The WACC is impacted by level of maturity of tectogy, predictability of the energy
yield, fuel supply risk and also policy risk. Thepectation of rising carbon prices could increase

the cost of capital for coal-fired power plantduture.

[1.9.3. The net present value (NPV).

If the investment in the power plant is to be gedfle, enough revenue must be generated
during the operation phase to pay for construciioth decommissioning, as well as to cover the
operational expenses. The most commonly used netsdetermine how much value an

investment accrues to an investor is the net ptesdne (or NPV).

The net present value can be calculated using iequa®27, based on the discounted sum
of the cash flows over the life-time of the powé&arp. Only configurations with a positive net
present value should be considered as viable imezgs, as a negative value indicates that
construction and operation of the power plant wauldtract value from the firm making the

investment [50].

NPV = SN O (2.27)

=0 (1+dpom)"
Where:
C,. after tax cash flow discounted to year ($)
n :analysis period
t : total analysis period (year)
dnom: NOmMinal discount rate in ($)

The revenue that can be generated by selling eligiis strongly dependent on the price

at which the electricity is sold. In a liberalizel&ctricity market electricity prices can vary
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significantly, both over the course of the day #mdughout the year [51], due to shifting

patterns of supply and demand.

The interest of the designer is the minimum eleityrisale price which, over the lifetime
of the power plant, generates enough revenue tdaek/ the initial loan, cover the operating
costs and accumulate reserves to pay for decononisgionce operation has ceased; in other

words, it is the electricity sale price which giseset present value of zero.

This minimum electricity sale price is known as kaeelized cost of electricity (or
LCOE), and is possibly the most important indicatbthe economic comparison between

different competitive technologies.
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[11.1.Introduction

CSP plants convert solar radiation to heat befeneguthe heat to generate electricity.
This makes it possible to pair a CSP plant in aidytonfiguration with another plant that
either generates or consumes large quantitiesatf Rarthermore, the power cycle used in
CSP systems is similar to that used by traditipaaVer generation facilities, such as coal
or natural gas plants. As a result it is possiblmtegrate the two types of plants in a solar-oss
hybrid system.

Although adding natural gas generatioa @©@SP system does not, amount to adding
storage, hybrid solar—gas systems can provide Ipgo&wer when the sun is not shining while
also enabling more efficient plant utilization, $howering costs per kWh. The simplest form of
hybrid design is illustrated in figure 3.1, whidiosvs an additional backup boiler that can be
fired by fossil fuel generally natural gas wherastas needed, that cannot be generated from the

solar field.

BRAYTONCYC LE\

FIGURE 3.1:HYBRID CENTRAL RECEIVER BASIC CONCEP{52].

The incremental costs for this approach, includivegadditional boiler and fuel, are
relatively modest; such gas-fired backup systeme baen used in eight of the nine SEGS

plants currently in operation on a base-load fefssl-fired power plant over the world [53].
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In this configuration, power is produced from tlees gurbine (fossil fuel only) as well as
from the steam turbine, which uses steam genefaiedthe lower temperature heat sources.

The boiler must be oversized relative to the fesslly plant to accommodate the steam
produced by the solar field.

The scale of the over sizing is determined by hArieeeconomic optimization since the use
of a larger boiler leads to higher capital cost parnad with a fossil-fuel-only plant.
A specific form of this type of hybridization iseghntegrated solar combined cycle system
(ISCCS), which combines solar with a natural gaslwoed cycle power plant. A process flow
diagram for an ISCCS is shown in figure 3.2.

The other option for hybridization is teeuthe thermal energy from CSP plants as process

heat for integrated applications.

Cooling
Flue gas for
—_— e “_l . o
s J Fued |
Main HTF pump 4’
HRSG &T G 5T
1f T L3 v
Solar steam Condensar
——
generator
Parabolic trough P l a s
collectons R . - %
N - Deaerator = ;
CEP CWP
Auxiliary Expansion -
HTF pumgp vessal &
FWP

FIGURE 3.2: FLOW DIAGRAM OF AN ISCCS[54].
Hybridization of CSP plants with thermal desalinatfacilities is a good example of this
approach. This hybridization scheme may be espgamkresting given the good overlap

between regions of the world with abundant diretarsirradiance and water stress.

In such hybridizations, the low-temperature heamfithe turbine can be used for
evaporating water in the desalination process. alsis helps reduce the size of the condenser
system (either wet or dry)
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[11.2.Fossil buck up methodology in CSP plant

The solar electricity generating systems (SEGS)tplhuilt in California between 1984
and 1991 have used natural gas to boost production.
In the summer, SEGS operators use backup in teafsgrnoon and run the turbine alone after

sunset, corresponding to the time period (up t06@2vhen mid-peak pricing applies.

During the winter mid-peak pricing time (12:00 #:00), SEGS uses natural gas to
achieve rated capacity by supplementing low sotadiance. By law, the plant is limited to
using gas to produce 25% of primary energy.

CSP plants in Spain similarly used natural gasl@asc&up, limited to 12% or 15% of
annual energy depending on the owner’s choice @@ system, until the support system was

modified for all existing plants, and generatioonfr natural gas stopped receiving any premium.

Solar-fossil hybridization can also consist in adda small solar field to a fossil-fired
thermal power plant, either a gas-fired combinedecyr a coal-fired plant. On integrated solar
combined cycle (ISCC) plants, the solar field pdaa steam (preferably high-pressure steam) to
the plant’s steam cycle. Since the supplementasyadhe turbine (corresponding to its extra

capacity) is only marginal, ISCCS plants providea solar thermal electricity.

[11.3.Thermal storage with fossil back up dispatcmtrol under SAM advisor tool
The storage dispatch system control gives decisioether or not to operate the power

block in each hour of the working day on based leggime, and how much energy is stored in

the TES, how much energy is provided by the saddd,fand the values of the thermal storage

dispatch controls parameters.

You can define when the power block operates foh & the six dispatch periods under
SAM advisor simulation tool. For each hour in tivawation, if the power block is not already
operating, SAM looks at the amount of energy tham ithermal energy storage at the beginning
of the hour and decides whether it should starptiver block.

For each period, there are two targets for stattiegoower block: one for periods of

sunshine (with solar), and one for period of noséume (without solar).

The turbine output fraction for each dispatch pgtdetermines at what load level the

power block runs using energy from storage durirag period.
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The load level is a function of the turbine outfrattion, design turbine thermal input, and
the five turbine part load electric to thermal tast

For each dispatch period during periods of sunshimegmal storage is dispatched to meet
the power block load level for that period only witee thermal power from the solar field is
insufficient, and available storage is equal tgmater than the product of the storage dispatch

fraction, (with solar) and maximum energy in st@&ag

Similarly, during periods of no sunshine when nerthal power is produced by the solar
field, the power block will not run except when #ergy available in storage is equal to or
greater than the product of storage dispatch tadivithout solar) and maximum energy in

storage.

By setting the thermal storage dispatch controtarpaters, you can simulate the effect of
a clear day, when the operator may need to stapltint earlier in the day to make sure that the
storage is not filled to capacity and solar enesgyumped, or of a cloudy day when the operator
may want to store energy for later use in a higiadue period.

[11.4.Minimum backup level

In the minimum backup level mode, whenever theilféigsl fraction is greater than zero
for any dispatch period, the system is considesaddiude a fossil burner that heats the HTF
before it is delivered to the power cycle.

In this mode, the fossil fuel fraction defines thssil backup as a function of the thermal
energy from the solar field (and storage, if aggidie) in a given hour and the power cycle

design gross output.

For an hour with a fossil fuel fraction of 1.0, wheolar energy delivered to the power
cycle is less than that needed to run at the powae design gross output, the backup heater
would supply enough energy to fill the missing heatd the power cycle would operate at the
design gross output. If, in that scenario, solargy (from either the solar field or storage

system) is driving the power cycle at full loade flossil backup would not operate.

For a fossil fuel fraction of 0.75, the heater wbahly be fired when solar output drops

below 75% of the power cycle's design gross output.
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[11.5.Hybrid concept integration to solar power mia
From a functional point of view, there are two lsasapproaches to hybridizing a solar

power tower to a base-load fossil plant: fuel saret power booster [55].

In a power booster mode, fuel input to the plamisstant and additional electricity is
produced when the radiation heat source is availdllis typical configuration needs oversizing
the steam turbine in about 25% to 50% containedimihe bottoming portion of the combined

cycle base load power plant.

Over sizing the turbine leads to the degradatiomefthermal to electric conversion

efficiency. This configuration is not recommendedeal market introduction.

In power saver alternative configuration, fuel inputhe plant is reduced when solar is
available and electricity output is constant. Rankine cycle application, the solar steam

generator can be sized to provide the entire itgthie steam turbine or a fractional amount.

However, when hybridizing with a base-load fos&in, it is perhaps preferred to

contribute a fractional amount of heat from solar.

This keeps the fossil boiler hot all the time aneMents daily startup losses and thermal
cycles. In a combined-cycle application, solar heaidded by preheating the inlet air to the gas

turbine via a salt-to-air heat exchanger.

In general, hybrid power towers were shown to memically superior to solar only

plants with the same field size. Furthermore,gb@er-booster hybrid approachwas generally

preferred over the fuel-saver hybrid approach. The hybrgesahat showed the most promising
economic potential are a power boost to a coalt@ad a power boost to a combined cycle
plant. However, in order for the latter case tatigactive, the solar boost must offset the

construction of a new gas-turbine plant.

An advantage of a fuel-saver over a power booséet s that a given amount of solar
energy can be added to the grid for less cost Isecadditional steam turbine capacity does not
have to be built. In addition, when performing fhel saving at the entrance to the gas turbine
within a combined cycle [47, 48], the solar enegygonverted at a higher efficiency than when

adding a power boost to a pure Rankine cycle
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FIGURE 3.3: FOSSIL BACK UP INTEGRATION TO SOLAR POWER PLANT

[11.6.CO2 avoidance indicator evaluation

In the context of climate change, the most commasBd environmental indicator for a

power plant is the specific carbon dioxide emissifaa, per unit of electrical output, typically

given in kgo/MWh,. Lower specific emissions are indicative of a lesgon-intensive

electricity production technology.

Specific carbon dioxide emissions can beutated using equation 3.1, based on the fuel

mass flow M in the combustion chamber and the carbon contgof the fuel [56].

I M cldt
ﬂ . Jyear -
12 E_

net

fcoz =

e (3.2)

When comparing different options for reducing carbi®xide emissions from power

production, an interesting performance indicatdhescost of avoided carbon emissions,

typically given in in USD/tonneCO2, which measuttes increase in electricity cost that is

necessary to avoid a given amount of emissions.

The cost of avoided carbon emissiong,(tan be calculated using equation 3.2, where

LCOE is the increase in levelized cost of eledlyiendA fco2 the reduction in specific carbon

dioxide emissions, measured relative to a referpoweer plant [48,49].

. _ALCOE
Moo,

e (3.2)
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IV.1. Introduction

Solar tower technology is a promising way to geteel@ge amounts of electricity from
concentrated solar power in countries with higlasoésources such as North Africa and the
Middle East, India, Australia or parts of North éduth America, countries known to belong

to the so-called “sun-belt” of the Earth.

The world’s first solar tower power plant basedlo® open-volumetric-receiver
technology has been built in Jilich, North-Rhinestpealia, Germany and is in operation as

demonstration and research plant since Decembé&. 200

The plant, which has been built by Kraftanlagen khien GmbH (KAM) is owned and
operated by the German Aerospace Center (DLR)pa&tners, including the Solar-Institut
Julich (S1J) of the Aachen University of Appliedi&wes are doing research and

development of this technology.

The most recent application of the HITREC Technyplfigure4.1 (a) is in the Solar
Tower of Julich, a power plant of 1.5 MW electripalwer erected in West Germany.
It was launched in June 2009 and since then ibkas delivering electrical power into the
German electricity grid. It was erected by the campKraftanlagen Minchen with financial

and scientific support of DLR. It is currently opted by Stadtwerke Julich, the local utility.

It works according to the principle shown in figyr2. The total number of heliostats

needed is more than 2000 and they comprise a nsiarfeice area of more than 20000 mz.

The receiver consists of 1080 HITREC receiver el@mégure4.1 (c) and covers a
total area of 20 m2. The main technical charadtesi®f the power plant are given in table
4.1.
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() (b) (c)

FIGURE4.1: THE SOLAR TOWER INJULICH IN OPERATION, (A) LATERAL VIEW OF THE TOWER WITH
RECEIVER (B) SATELLITE VIEW OF THE PLATFORM (C) HITREC RECEIVER ELEMENT[42]

TABLE 4.1:MAIN TECHNICAL CHARACTERISTICS OF THE SOLAR POWER PILOT RINT [44]

Value Unit
Operational concept GT-hybrid parallel -
Heliostat field 25,000 m?
Tower height 60 m
Solid bed thermal energy storage capacity 20 MWh
Hot air Temperature 680 %
GT exhaust gas temperature 515 1§
Gas turbine design power 4.6 MW
Steam turbine power 2.5 MW
Cooling concept Dry air cooling -

At the Solar Tower of Jilich, a field of sun-traeggimirrors, reflects and concentrates
the direct solar irradiation onto the open voluneedir receiver. This receiver consists of
porous ceramic absorber modules. Incident suneates the porous receiver, are absorbed
inside and heat it up. To remove the heat, amlaiens continuously sucked through the
porous receiver and is heated up to almost 700°C.
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The hot air is passed through a heat recovery sgegmarator (HRSG) in which it
passes its heat to a water-steam cycle. The sgearpanded in a steam turbine and the

rotation of the turbine’s shaft drives a generaébdgoroduce electricity.

Using the air as heat transfer fluid (HTF) givdsgh plant efficiency due to the fact
that air can be heated to very high temperaturbghan turn enables higher steam
temperatures in the Rankine cycle and thus a béemal efficiency. Moreover, it allows
afast start-up to operating conditions; it is ¢ and is available at no costs in unlimited

amounts.

In order to increase the operational hours of ardolwer power plant, a heat storage

system and/ or hybridization is considered.

[
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FIGURE 4.2: SCHEME OF THE HYBRID OPEN VOLUMETRIC AIR RECEIVER SOLAR TOWHH45]

The objective of the power tower project in Julishho demonstrate the entire system in
commercial-like operation over a longer periodinid, to develop control and plant
management strategies and to further improve pednce and reliability of the key

components.
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Julich was chosen as the favored location becaussituated close to the involved
research institutions and due to its fluctuatimgdti solar irradiation conditions. The latter
reason has the advantage that it allows and rexjthiesinvestigation into the system operation
strategy under transient conditions, especiallyrngigard to optimizing the charging and

discharging process of the thermal storage.

IVV.2. Fluid flow and heat transfer throw poroususture of the volumetric
absorber.

Investigating fluid flow and heat transfer eithgrradiation, convection and
conduction, within the porous structure in the opelumetric air receiver is extremely

related to a relationship between solar flux amdlew rate value [41].

Higher flux densities must not lead to higher agerautlet temperature, if the local
mass flow is not adapted well to the local flow signor if the porosity and heat transfer is
too low [40, 42, 44].

During the 1995 to 1996, experiments in the salandce at DLR cologne have been
conducted to show the performance and flow stgolithe Hitrec-I receiver, for high porous
absorber materials, it show an unstable air flowwugh the absorber structure under a high

solar flux which leads to the destruction of theistiure due to overheating [40, 42, 43].

Hitrec-Il (200 kW) project has started in later2®f00, the goal was to demonstrate the
cooling of the stainless steel construction opérati¢h the air return from the heat exchanger
of the Sulzer test bed. Thermal efficiency was%tl8wer than the Hitrec-I receiver model
due mainly to overheating of the side area of theoeber module [41, 43, 45].

The increase in outlet air temperature can be aetiat a given flux level by reducing
the mass flow rate, which is in general linkedaweér pressure loss over the porous media
[40, 41, 46].

Instabilities of air flow through the porous st depend on the pressure loss
characteristics of the material. Previous studashldemonstrated that, when characterizing
the flow in a particulate volume of the porous stuwe by a linear dependency of the pressure
loss on the flow velocity (Darcy law) instabilitieppears, with a pure quadratic dependency

(Dupuit, Forchheimer) model these do not occur.[40]
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Recently, an extruded honeycomb volumetric airivesestructure made out of silicon
carbide material is investigated using tow numémneadels, (single channel model) and
(porous continuum). These approaches present aspamdence between experimental and
numerical results such as average air outlet teatynes, the temperature distribution and the
solar-to-thermal efficiency.

Both models confirm the capability of the two methdor further investigation [43]. In
the present work, due to the symmetry of the siagkorber module constituting the
volumetric air receiver designed by DLR researaugrfigure 4.4, a quarter geometry is used
to model the physical phenomenon (concentratectiadi heat transfer applied to the
absorber which transfer energy to the air flowdider to compute the outlet air temperature,
the solid body temperature, the relative pressassds and the thermal efficiency of the

receiver.

FIGURE 4.3: SOLAR AIR RECEIVER TEST POWER PLANTEACH HITREC MODULE OF150MM ABSORBS
15-20KW THERMAL RADIATION. [43]

These parameters then are compared to the expéalnoaes to establish the reliability
of the physical model. The numerical calculatiores@erformed using the present model
which is the homogenous approach.

This considers the receiver as a solid porous ouatnh with effective permeability and
volumetric air thermal conductivity of the absorbdsing the mathematical model describing
the physical phenomenon undergoing in the volumeirireceiver, the fully coupled
radiation, convection and conduction heat transfedel is applied to the silicon carbide
porous structure.
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The laminar air flow, through the channels congtigithe honeycomb receiver
geometry is modeled by the weakly compressibler®edsional Navier-Stokes equations with
variable density, and resolved using numericatdigiement method.

The stationary segregated solver with adaptive mefaiement strategy is
implemented. For stabilization algorithm issue aodvergence criteria, we have adopted the
Petrov-Galerkin/Compensated streamline artificitildion parameter applied to the
advection term in the Navier-Stokes energy equation

The Brinkman equations modifying slightly the cowity and the momentum Navier-
stokes equations are used to model the fluid flod/ lzeat transfer in the porous structure
using empirical value of the volumetric effectivietmal conductivity, porosity, permeability,
extinction coefficient and the emissivity of theeeser material.

As an assumption, constant thermal radiation fluxdttion is applied at the inlet
boundary of the receiver, and the absorbed coratexdtsolar radiation was considered in this
model as volumetric heat source.

=

FIGURE 4.4:3D QUARTER GEOMETRY OF THE VOLUMETRIC AIR RECEIVER43]

IV.3. Numerical simulation of the heat transfer dioied flow on the absorber

In the present work, Porous ceramic channel are wessachieve high performance in

solar heat recovery systems. Understanding theemtire heat transfer between the air flow
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and the ceramic absorber channels is of great irapoe when optimizing the volumetric air

receiver.

In this work, the convective heat transfer couptedir flow was numerically studied.
The present approach was designed to computedhkedonvective heat transfer coefficient
between the air flow and the porous structure.tkatr purpose, the energy balance and the
flow inside the porous ceramic were solved. In addj a detailed geometry of the porous

ceramic structure was considered.

The numerical simulations were based on the thireertsional Reynolds-averaged
Navier—Stokes (RANS) equations. Based on the nwalesimulation results, a correlation for
the volumetric local convective heat transfer deedht between air and ceramic foams was
developed. The resulting correlation covers a wategye of porosities, velocities, cell sizes

and temperatures.

The correlation results were compared with expeantadedata from the literature.

IVV.3.1.ComsolMultiphysics Software description

COMSOL Multiphysics is a general-purpose softwdetfprm, based on advanced
numerical methods, for modeling and simulating pts/based problems. With Comsol, we
can account for coupled phenomena.

With more than 30 add-on products to choose froem¢can further expand the
simulation platform with dedicated physics inteda@nd tools for electrical, mechanical,
fluid flow, and chemical applications. Additionaktérfacing products connect your Comsol
simulations with technical computing, CAD software.

Comsol desktop is a powerful integrated environnaesigned for cross-disciplinary
product development with a unified workflow, regass of the application area.

The add-on modules blend in seamlessly with Conasal,the way you operate the
software remains the same no matter which add-odugts are engaged.

The model tree in the model builder gives you aduérview of the model and access
to all functionality — geometry, mesh, physicsisg, boundary conditions, studies,
solvers, post processing, and visualizations. \W@imsol you can easily extend conventional
models for one type of physics into multi-disciplig models that solve coupled physics
phenomena — simultaneously. What's more, accetgsmgower does not require in-depth

knowledge of mathematics or numerical analysis.
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Chapter IV. Heat Transfer and Fluid Flow In the @pM®lumetric air Receiver
Under Homogenous Irradiation
It includes a set of core physics interfaces fanemn physics application areas such as
structural analysis, laminar flow, pressure acasgstransport of diluted species,
electrostatics, electric currents, heat transfed, Joule heating.
It assembles and solves models using state-ofrthimerical analysis methods.
Several different methods are used in the add-asuies, including finite element analysis,
the finite volume method, the boundary element webtland particle tracing methods, but the

emphasis of COMSOL Multiphysics is on the finiterakent method.

IVV.3.2. Heat transfer by conduction in the absofd8i

Heat transfer properties of the absorber matesi@presented as the product of

volumetric heat transfer coefficient &nd specific surfaceA,,.

..................................................................................... (4.1)
Go = lo€§.exp(=§.2) .cosa + @Ay (T —T2) . .. ..., (4.2)
k=(1-€)*280.7xexp(—=0.0021.T) (4.3)
A HA k
a = —. .
e, e (4.9)

Herek,, €,10,T;, T, @, ¢,q,, 2, @Ay, Ak, 6, Nu, denotes respectively as effective
thermal conductivity of the porous structure [W/).porosity [-], radiation flux [W/m?],
temperature of the solid, temperature of the @iongetric angle, extinction coefficient T
the heat source [W/m?2], coordinate in flow dirent[m], volumetric heat transfer coefficient
[W/m?3 K], specific surface [m2/fi), thermal conductivity of the air [W/m.K], characistic
length of the porous structure [m] and the avefdgsselt adimensionel number [-];

I\VV.3.3. Weakly compressible Navier —Stokes equatin the air flow

DU = O i (4.B)
1
- 2 *
PP Tptp[Putgg@|epr “s)
_ Rk,
D A

Where:f, R, M denotes the volume forces [Nflnideal gas constant [J/mol.K], molar
mass of the air [g/mole] respectively.
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Under Homogenous Irradiation

Within the porous media, the boundary conditionsveen the porous structure and the

air are modeled using the Brinkman equation formmma

1 _H
(?)'”'V(VH(V“)T) TR (48)

Here,e, u,K represents the porosity [-], dynamic viscosity/fRgs], and the
permeability [m?] of the porous structure respeaiiy

I\VV.3.4. Heat transfer by conduction and convectibthe air flow model

In the air region, the convection and conductioat kensfer is given by the relations:
Uk VT Ul ) = o (4.9)

Qo = Ao T2 = T ) (4.10)

I\VV.3.5. Boundary conditions specifications

IV.3.5.1.Inlet conditions

Velocity : 8 (4.11)
TemMPerature & Togl . e e e e e e e et e e e e e e ens (4.12)

I\VV.3.5.1. Heat flow radiation [43]:

kYT = Qo+ C.(Tamb = T2) o oo, (4.13)
Go = locos@(1 —€) = (1 —€).F.(To = T0). ..o, (4.14)
C o= Em S0 e (4.15)

HereC, ,,, F denotes respectively the emissive constant [W/fzdtissivity of the
porous material [-] and the convection heat transbefficient [W/m.K], which describe the
convective heat losses at the front of the receiver

IVV.3.5.1. Outlet conditions

Pressure WithOUL VISCOUS SIrEBSE Pyu.vrrireriitees i eeiaie e e reneeaeaneene e (4.16)
Convection floOWn. (—K.VT) = Q... e e e e (4.17)
LT L= = U L= e (4.18)
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Chapter V. Technical and Economic Pre-feasibilitydy

To correctly predict the technical and economidgrerance of a system CSP, itis
essential to have appropriate methodology analfsgmod estimate of performance reduces

industrial risk and optimizes the design and pipallation.

In addition to environmental and other benefitagigables have a long-term economic
advantage over non-renewable energy carriers.
Embracing the benefits and deploying renewablesires|the adoption of appropriate

policies at the national level.

Algeria is very rich in solar energy resourceqdssesses large unpopulated and
unproductive land in the Sahara which represerfis 80the total country area. This makes
the country an ideal place for the implementatibthe concentrating Solar Thermal Power
Plant technologies (STPP). Algeria has expresdeghainterest in developing its solar
energy resources. To this end, it has introdugaegram where solar thermal energy plays a

central role.

In order to study the viability of the molten sadintral receiver power plant under
Algerian climate, we present here a techno econassessment under different weather

conditions.

V.1. Economic and Environmental aspects for thdayepent of CSP

technology in Algeria

The estimate of the plant investment costs is redup identify the main cost drivers
and thus the potential improvements to bring themrd By breaking down the plant
equipment into distinct cost categories, a detgi@@meter of prefeasibility study is given in
this chapter, whose share is expected to be tlnesig

However, in the present analysis, the costs inblyethe planning, the construction
and the operation of a solar tower thermal plaatiavestigated in order to estimate its

economic performance.

First, the investment costs are broken down ingtirtit categories of equipment, with
an emphasis on the level of detail for the heliofsttd, and an expression of the
corresponding expenses is presented.

Based on the reference cases from the literatoeecdst breakdown and the investment

costs of the Gemasolar power plant are estimated azample. Second, specific financial
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indicators are proposed to set up the project fumdand assess its financial viability and the

cumulated incomes over the entire plant lifetime.

V.1.1. Site selection

For a solar central receiver power plant, the prijntaiteria used for site selection
include insolation, land, meteorological conditiowster, transportation, transmission lines,

and aircraft interference.

However, key plant characteristics must first biengel; among the more important
plant specifications are its rated electrical outpgpe of service, configuration and energy

storage strategy.

V.1.2. Land availability

CSP plants need a high land area compared to cborahpower plants. The specific
surface area for a solar tower power plant is aBdi2 km2 to 0.025 kmz2 per M slightly
high comparing to parabolic trough power plant wh&in the range of about 0.015 to 0.02
km2 per MWrhe The availability of land to build large CSP calier fields is therefore an

important site criterion.

In the case of Algeria, we have more wasted larideasouth which is very suitable to
CSP plant implementation as subsidy, poorly dengmpulation and low agriculture usage
but less economic activities which is not compativith other criteria like existence of roads
and electrical network in the north side, the nsrain is the land ownership with a dense

population and agriculture activities.

V.1.3. Water availability

Water requirements for the solar thermal poweiastatould be similar to a
conventional thermal power station of similar odtplus additional water that would be used
for solar reflector cleaning. For a wet cooled sgsthe total water consumption would be
around 276 ML/a, while if dry cooling was introdaicthis could fall to around 36 ML/a.[06].

In one hand, There is a dense hydraulic netwoRetirto several big dam in the north
of Algeria, and in another hand, in the regionighltand and south of Algeria, a great water
table exist which is important to feed-in watereaibnomical investment such as new power

plants far from urban cities.
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V.1.4. Naturel hazard potential

Natural risks comprise phenomena like earthquadtesns, and others. These risks can
affect the operating safety of a CSP plant. In ptdeesist the impacts of these phenomena,
the design of the solar field and of the poveéwck must be adapted, which may imply
higher construction costs. Additionally, insuralwosts may rise at sites with higher damage

risks.

V.1.5. Infrastructure convenience

CSP plants need certain infrastructure for thegrapon. Existing infrastructure is,
hence, an important site criterion. Missing infrasture requires higher investment. A power
plant needs access to roads or other transportaaga (navigable waterways), to high or
medium voltage power grids and to water resouifoeeti cooling is planned. Additionally,

pipelines may be favorable for water transportued transport for hybrid plant operation.

In the context of our country, the government Ima®sted a big highway all over the
territory such as the named est-ouest and anath@oject phase which link the north regions

to the south ones.

V.1.6. Political and economic frameworks

Political and economic conditions in a country Bs@nt important site criteria.
Promotion measures for renewable energies areiefipetecisive. There are different
promotion strategies. The most important strategiespecial feed-in tariffs or premiums for
electricity generated on the basis of renewableggnsources, quotas for the renewable

energy share and tax incentives.

The politically controlled promotion of CSP is ktiecessary because of the currently
higher levelized electricity cost of CSP plant€amparison to fossil fired power plants and

some other competitors.

Political promotion has the aim to make CSP plastmomically competitive until

they get competitive on their own.

Incentive premiums for CSP projects are grantetliwithe framework of Algeria’s
new Decree 04-92 of March 25th, 2004 relatindhodosts of diversification of the
electricity production. The incentive premiums luktdecree shall attract private investors to
implement integrated solar combined cycle plant&lgeria.
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According to the current power expansion plannihthe Ministry for Energy and
Mines, the capacity targets for CSP power impleit@nt in Algeria are 500 MW of new
ISCCS plants until 2020. With these CSP targetsthesew Decree 04-92, Algeria has
established the necessary GMI commitment on ndtsmiar thermal power market
implementation. As the next GMI step to be agreaedti@Renewables 2004 Conference in
Bonn, the Government of Algeria pledges to devald@amework for solar thermal electricity

export from North-Africa to the European Union.

V.2. Pre-feasibility study for CSP project instatha

V.2.1. Management schedules
The main objective should be to obtain a first apph on the profitability of

predefined alternatives.
To this end, we present in this section the follmyunethodology:

- Define and estimate the different investment costs;
- The different Changes in fees and revenue in thegbef construction.

The criteria that will be used to compare differev@nagement alternatives will be,
without limitation, profitability, risk distributio between the public and private agents, the

cost of funding for participating agents and finahoeeds.

V.2.2. Schema and financial profitability analysis
Based on the results obtained in previous studiesl| realize an economic and
financial feasibility study of the planned actiofrem the prediction of loads and predictable

revenue and investment needs, as well those fraratprinitiative and public authority.
For all this, it will be useful to study the follang items:

- Investment Plan: In this point, we analyses thestwment plan that reaffirms the
actions proposed, with their corresponding budgjstinguishing between public and
private investment and between infrastructure angasverment, equipment and
facilities.

- Operation costs: This will be essentially thosatesd to personnel, gas, water,
depreciation, amortization to the immobilized bedyenses, etc.

- Maintenance costs: these refers to costs of th&smshich will be counted as annual

percentages of their original cost, that is to sa&yregular maintenance costs.
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- Estimation of water and electricity revenues: Foahestimates will be for a sale
price that ensures an IRR of 6% for funding andf8f4inancing by the bank. Also
include a study to evaluate the different formydeses for water and electricity.

- Assessment of other financial resources: A bagie@f this study should be the
analysis of possible alternative sources of finagdor the construction of structures.
We will have to investigate possible financial neses, debt, etc.

- Analysis of the financial profitability.

V.2.3.Financial profitability analysis
In the financial evaluation, a comparison of thenetary differential input and output
flows (cash flow) is carried out. As the indicatofgrofitability, we consider the following

parameters:

- Net present value (NPV), based indicator amongrettiat incorporates in its
calculation the concept of the time value of resesr It's the most important
disadvantage is the implicit subjectivity in thealon "a priori" discount rate or
discount, the value of which significantly affethe result (although the brand theory
as the cost of appropriate value appropriatenesssofiirces, in practice this is not a

simple question, at least in the economic evalagtio

- Internal Rate of Return (IRR), defined as the distoate that makes NPV equal to
zero, of great simplicity and solidity, but presopps that the generated funds flow
throughout the investment and are immediately ested that in certain
circumstances, it can offer more than one valugchvimust be appropriately
interpreted.

- Profit over cost ratio (PCR). It establishes tHatrenship between the overall costs
and benefits generated by actions throughout the period.

- Payback period (PR), defined as the time requmaedover the amount of the initial
investment, widely used in the financial analydige to its conceptual and practical

simplicity.

However, the greatest difficulty lies not in théocdation of the project profitability for
assumptions determined, but in the establishmeobmsistent assumptions and estimates

their impact on the indicators (NPV, IRR, etc.).
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This is why a substantial part of the analysis fthaum to achieve this aspect, by
linking the sensitivity calculation that would det¢éhe most critical elements for the

assessment and its respective individual impacesults.

V.3. Cost reductions and potential drivers

In many countries, research and industry are cotadhib improve CSP performance

and reduce its costs. Important drivers for cagticdon include:

- Technology advances of components and systems;

- Increased plant size and economies of scale;

- Industrial learning in component production;

- Lithium-based molten salts with high operation tenspures and lower
freezing points;

- Concrete or refractory materials at 400-500°C witidular storage capacity and low
cost;

- Phase-change systems based on Na- or K-nitratesueed in combination with
DSG;
Cheaper storage tanks (e.g. single thermoclinesjamlth reduced (30%) volume and

cost in comparison with the current two-tank system

An increased plant size reduces the costs assoweidie conventional components and
systems, such as power block and balance of p#imerrthan the cost of the solar field,

which depends primarily on industrial learning dage-scale production of components.

The learning rate for CSP systems and componehigh$y uncertain given the early
stage of deployment of CSP technology. Estimatés 1% based on other technologies
(IEA 2010Db; Trieb, 2009) are considered conserehfivealistic.

V.4. Principal barriers for CSP deployment

Despite the environmental, social, health and eeon@in some applications) benefits
of utilizing renewable energy technologies, thdilization in high insolated countries is

nearly negligible until now.

They are facing many barriers and constrains to thege deployment in this region.

These include financial, economic, institutionallijical, technical and information barriers.
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V.4.1. Technical barriers

The considerable international investment mademewable energy R&D during the
previous three decades has demonstrated the @btemd technical availability of some of
these technologies.

Even though renewable energy technologies are ihnproven, additional

development is still required to become fully matukmong the barriers in this field are:

- In case of central receiver systems the promisgngriologies such as the molten salt-
in-tube receiver technology with energy storageesysneeds more experience to be

put for large-scale application;

- Lack of technical standard and inappropriate tezdirdesigns. This gives renewable
energy

technologies a bad reputation, impeding their filissemination;

- Some of renewable energy technologies and compdegntsolar thermal power
plant and large scale thermal storage) are natgreimercially tested. This increases

the investment cost and financial risk for planéi@bors;

- Lack of qualified personnel. Problems in techniogblementation, maintenance and
financial

arrangements hinder renewable energy technologkanhdevelopment in general,

- Insufficient resources for data collections anainfation transfer. This may lead to
no, or wrong decisions by project developers, itmssetc. -Inadequate and
insufficient education of consumers and renewab&gy systems user. This brings
technological mistrust in case of system breakdown.

V.4.2. Economic barriers

The most important issue is the economic perémce of renewable energy technologies
compared to the energy sources that presently gaenthe energy market. The barriers in

this area include:

- High upfront cost coupled with lengthy payback pds and small revenue streams

raises creditworthiness risks;
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Financing is a critical barrier. Financial instituts consider solar energy technologies
to have unusually high risks while assessing ttr@ditworthiness;

High specific cost of renewable energy technologersus subsidized low fuel prices
and electricity tariffs. This will cause a lackwillingness and/or ability to finance
expensive investments in renewable energy techgdlegause of high risk

premiums;

Taxes and customs on imported equipment. Thislealll to increase the initial cost of

renewable energy equipment;

High transaction costs due to the small-scale &oemtralized nature of some
renewable energy technology applications. This evdtourage the implementation of
renewable energy projects;

V.4.3. Institutional and regulatory barriers

Most of countries which have highly insolated araslack of an adapted and stable

institutional and regulatory frame work for reneweabnergy utilization.

These include: -Conflicting objectives and intesemnong policy-makers. This will

shift power to fossil fuel lobbyists, hinder objeet policy formulation, and lack of policy

coherence.

The limited capability to train adequate numbeteghnicians to effectively work in a
new solar energy infrastructure;

Limited understanding among key national and latstitutions of basic system and
finance;

Barriers limiting entry of distributed technologlagiorms into the grid, including
potential for access restrictions by conventiondities;

Institutions for renewable energy technology praoroare relatively powerless
compared to institutions of fossil fuels. This wdhd to government concentration on
fossil energy;

Unclear Ministerial responsibilities and insuffistecoordination between government
agencies responsible for renewable energy techpoldgs will lead to weak

promotion of renewable energy technologies;
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- Monopolistic energy market. This will lead to ncaganteed grid access and no fair
feed-in tariffs for independent renewable energyeroproducers which lead to keep
renewable energy technologies out of the marketcantpetitiveness;

- Lack of awareness of potentials and benefits ofweible energy technology

utilization among decision makers at different pcdil and administrative level.

V.5. Potential policy instruments to increase selagrgy development

In spite of the high potential of reneveabnergy resources availability (solar, wind,
biomass and hydro) in highly insolated region, $ipaitions of these resources are exploited
at present. This is due to many barriers and cainstwhich affect the renewable energy

utilizing processes.

To remove the barriers toward the utilization afe@able energy resources, the
following are several suggestions and practicalsuess which can help in the adaption of

renewable energy technologies in these countries.

V.5.1. Feed-in-tariff
It refers to a premium payment to new andwneie energy technologies which are
relatively expensive or thus not competitive witingentional technologies for electricity

generation.

The tariff is based on the cost of electricity proeld, including a reasonable return on
investment for the producer. It thus reduces thleto potential investors for long-term

investments in new and innovative technologies.

In the context of the diversification of sourcestectricity production, and aware of the
increasing interest in renewable energies and #takes, Algeria has integrated their
development into its energy policy by adoptinggaldramework favorable to their

promotion and to the development of the concerné&dstructures.

Incentives measures and encouragement are meniiotiesl law relative to the energy
control (financial, fiscal advantages and custootged) for the actions and the projects which

contribute to the energy efficiency improvement &mthe renewable energies promotion.

A National fund for energy efficiency (NFEE) was@lestablished to finance these
projects and grant loans unpaid and guaranteghddoans made with banks and financial

institutions, for the energy efficiency investments
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The objective of these measures is to@mage the local products and to provide good
conditions especially in fiscal terms, to the irees willing to get involved indifferent sectors

of renewable energies.

V.5.2. Tax incentives

Tax incentives help individuals and corporatiorstifjy purchasing, installation and
manufacturing
renewables energy technologies. Because renewaleshigh initial capital and installation

costs, tax policies compensate investors with tegits, deductions and all allowances.

The tax incentives could include income, propertg aales tax incentives. The policy
should remain until the new technologies have msed their economy of scale and are cost

competitive with alternatives in the sector.

Once cost for renewable technologies decline,aketedit level should decline.

Additional examples of tax incentive are:

- Production Tax Credit: production tax credit isadigy driver to promote the
development of electricity generated from renewabl@rces. A production tax credit
provide the generator or owner of the renewableggniacility an annual tax credit
based on the amount of energy thatticular facility produced. The credit is idgadet at
a level that makes it more cost effective to predelectricity from renewable
resources than from fossil fuel;

- Emission (Carbon) Tax Credit: emission taxes céarmationalize the costs caused by
emissions into the price of energy. Essentially timake polluters pay for the damage
(in the health, safety, security and environmeatjsed to society from their polluting
activities. Carbon taxes have the same effect gchgragtax on the quantity of carbon

- in the energy recourse. Renewables are cleaneusetaey are not carbon based. So

the effect is that producers have the intensivengfch to renewable energy resources.

V.5.3.The clean development mechanism

The clean development mechanism (CDM) is a fleitybrhechanism established under
the Kyoto Protocol. It allows governments or presantities in industrialized countries to
implement emission reduction projects in develomagntries and receive credit in the form

of certified emission reductions.
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The purpose of the CDM shall be to assist devefppountries in achieving
sustainable development and to assist developeatreesito achieve compliance with their

quantified emission limitation and reduction conments.

V.5.4. Research and development

R&D is critical for maintaining the pipeline of iomative energy supply and end-use
technologies. Industrial countries governments &h&&D has helped to advance a number
of energy efficiency and renewable technologiesnduthe past twenty years (examples are:
wind turbine innovators, electronic lighting bat&shigh efficiency appliances, new window

technologies .... etc).

Including renewable energy subjects in the univeirricula, supporting R&D
activities in the universities and research cerdasencouraging the collaboration among
renewable energy organizations and research centst&NA region and between these

centers and international centers could have a vaidge of benefits.

These include cost and risk sharing, faster leggnintrease access to global market,

and better prospects for rapid deployment of intiggadechnologies.

V.5.5. Codes and standards

Maximum greenhouse gases emission rules and miniegupment efficiency
standards are of a great help to energy sustaityalihe minimum equipment efficiency
standard could be set by either the remove ofdast lefficient products from the market
place, leaving consumers to choose from an arrayaoé efficient products with other
desired options and features, or require thateall products meet a certain efficiency level on

average.

These standards have been successfully adopteauimlaer of countries for mass
produced goods such as domestic appliances, ailitcomng equipment, motors, and
lighting products. This should also include renelwamergy equipment.

V.5.6. Regulatory and legislative framework

To promote the renewable energy deployment, ndtjpolecies, strategies and laws
should be adopted. These includes: issuing lawsegulations for inclusion of renewable
energy technologies in energy budget, demand sategement law, allocate budget for
institutions working in the field and encouraging®Rin various renewable energy

technologies.
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V.5.7. Technology transfer

Renewable energy technology and information trangées recognized as a barrier to
the market penetration of renewable energy teclgmdoand products. The governmental and
private sectors in MENA countries should contintferés to eliminate the information
transfer barrier by corporation with industrial Webespecially Germany and other European

countries in organizing educational programs, prqnproduct literature and other initiatives.
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In the present study, we have carried out simulatissing SAM advisor software. It
deals with two scenarios, Solar only mode and layrth fossil fuel back up mode. Using
radiometric and economic variables, thermal pertoroe and economic evaluation of each

configuration of solar power tower plant have bderived.

VI.1.Simulation data

TABLE 6.1: SIMULATION DATA FOR SOLAR ONLY MODE. SCENARICL.

Parameter Design parameter Value

Location and resources

DNI [kWh/m2.year] 1907.30
Latitude [°] 35.55
Longitude [°] 6.18
Heliostat field
Annual average wind speed [m/s] 4.50
heliostat mirror area [m?] 120
Number of heliostats 1298
Total land area [ha] 280
Tower and receiver
Heliostat stow deploy angle [°] 8
Maximum distance from tower [m] 905
Cavity aperture high [m] 13.00
Tube outer diameter [mm] 60
Tube wall thickness [mm] 1.25
Tower height [m] 120
Maximum receiver flux [kWmZ] 1000
Receiver design thermal power [MW 91.76
Heat transfer fluid
HTF type (60% NANO3 , 40% KNO3) Molten salt
Material tube type ( Stainless steel ) AISI 316
HTF outlet temperature [°C] 565
Minimum required temperature [°C] 290
Power block
Design turbine output (Nameplate) [MW 20
Thermodynamic cycle efficiency [%] 31.8
Boiler operating pressure [bar] 27
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Thermal  storage
control

Tower system costs*

dispatch

Maximum flow rate to receiver [kg/s] 656
Condenser type cooling medium Air
Storage type Two tank
Full load hours of storage [h] [0-12h]
Fossil fuel fraction [0-1]

Specific investment cost for solar field [$/m?] 300

Specific investment cost for land improvemeni30
[$/m?]

Specific investment cost for power block [$/W 550

Specific investment cost for balance of plant
[$/kW ]

Specific investment cost for tower with receive4r20
[$/m?] 754.3

Specific investment cost for storage [$/k¢/h 30
Construction ,engineering and contingencies [%]20

O&M costs by capacity and by year [$/kW.year] 65

Annual inflation rate [%)] 2.5
Annual nominal discount rate [%)] 10.9
Life time analysis [year] 30

* Reference [12].
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TABLE 6.2: SIMULATION DATA FOR HYBRID MODE. SCENARIOZ2.

Design parameter Value
Direct normal irradiation (Tamanrasset) [kWh/m?]  2759,4
(Batna) [kWh/mZ] 1907.3
(Algiers) [kWh/m?] 1446,4
Nominal design output [MW] 20
Thermal energy storage [h] 8
Solar multiple 15
Fossil backup cost reference [$/QW 25
Fossil fuel fraction value [%] 0-1

VI1.2.Model validation

As suggested by SAM designers, a 1.05 turbine outagtion during the highest
irradiation conditions is considered in (summergiand daytime) corresponding to period 1.
This allows the plant to produce a power outpuhérghan the design specifications in these

periods.

From April to September (period 2), the FFF hasnbset to zero during the central
hours of the day (from noon to 4 pm), supposing ahaybridization is not needed during this

period.

At night and from october to march (period 3), H&S been set to 0.85 in order to
guarantee a correct turbine operation [36].

The power block cannot operate properly when @perated in partial load lower than

25% of the design point parameters.

Taking into account these operating conditions; asidg the parameters given in table
6.1 and table 6.2, the net annual power electoaglut of 18.15 GWh for solar only mode

and 44.40 GWh for hybrid mode have been obtainduksé& results agree well with the
experiments at PS20 cavity type receiver datashis¢é that the hybrid mode of the PS20
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could provide about 48 GWh[37]. As shown in tabl8, this confirms the accuracy of the

present model.

TABLE 6.3: MODEL VALIDATION PARAMETER

Type of parameter  Planta Solar 20 (PS20) Simulated case. Simulated case.
[37] Scenario 1 Scenario 2

Annual DNI 1944 1907.30 1907.30

[KWh/mZ]

Hybridization [%] 15 0 15

Net energy 48 18.15 44.40

production

[GWhlyear]

Net energy 7.5 (scenario 2 ai8ZPP)

production difference

[%0]

Annual capacity 27 10.6 26

factor [%0]

VI1.3.Radiation measurements

Solar power systems need reliable local radiateta fbr the project site. There are
different possibilities to get such data. Radiattan be measured by ground measuring or by
satellite measuring. The direct normal irradiarieBll) is defined as the radiant flux density
in the solar spectrum (0.3-3 Im) incident at thereg surface perpendicular to the direction

to the sun integrated over a small contractingstire

The need for more precise DNI-data valudlancrease strongly as solar-thermal

electrical power generation stands on the thresbiobttonomic profitability.

For all concentrating solar technologies knowledfyPNI at ground for each potential
site is one of the most important parameters, sastrongly affects the performance of

such systems.

The areas of interest for solar-thermal power@tatiare located in the so-called Sun
Belt countries between latitudes around 10-40 (Nand South), where only few

measurements of DNI are available today.
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Several hundreds of ground stations would be nacg$s map the spatial variability of
the solar irradiance for a larger region. Thisracgically impossible, because ground
measurements suffer from high costs for purchasireguipment, adequate maintenance and
time-consuming data screening ground and sateligasurements have different functional
characteristics. Ground measurements are locdlitgateeasurements which cover large
regions and allow the comparison of many possiids.s

In the present study, the annual weather datakae®n asthe test reference year
(TRY) ortypical meteorological year(TMY), is usdticonsists of monthly measured values
that are statistically selected from individual ganeasured values over a long period, and
averaged to obtain a typical year for the givertioca In the present work, the measured
values obtained from1986 to 1999 have been usddtewmine the typical year [08, 13].
Figure 6.1 shows the obtained average DNI values s fourteen year period for three

different sites in Algeria.

200

—&— Tamanresset

800 —— Algiers
700
600
500
400
300

200

Direct Normal Irradiance DNI (W/m?)

100

6 8 10 12 14 16 18 20
Time (Hours)

FIGURE 6.1: DIRECT NORMAL RADIATION DATA ILLUSTRATION FOR THREE SITESN ALGERIA.
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VI.4.Site selection

Defining the mission of solar thermal power planaicritical prerequisite to
establishing the key characteristics of the plifany of these key characteristics have a

significant impact on site selection.

The first criteria for designing and stilen of the type of solar power plant for a
dedicated site are his rated electrical outputifdity scale setting.

For actual plant rated electrical outpl, size range for solar thermal power plant is
between 10 to 100MW.

It may be useful and cost effective te osodular approach to solar plant construction;
this allows the generating capacity of the plaribhtoease over the time similar to the growth

in energy demand.

The choice of the type of plant depenatsamly on the rated electrical capacity, but

also of the type of the services which will be pded to costumers.

However, the utility plant might be usesipeaking, intermediate or base load unit, and

the time on the day during which the plant enesgglispatched

The three categories of unit loadingteeta the plant’s capacity factor. The typically
peaking services have a capacity factor around, @file for intermediate unit plants is
nominally in the range of 0.20 to 0.40. For basallanits typically have a capacity factor
between 0.60 to 0.70.

In the designing of solar power plantdpecific sites, appropriate thermal energy

storage and solar multiple are important in thewheining the total land area required.

As a case study, the instantaneous affeditect normal irradiation on the capacity
factor for Tamanraset site is shown in figure &12e main conclusion depicted on this
simulation is that the central receiver power pldm¢sn’t begin working (steam production

and electricity generation on the turbine) for lowalue of DNI than 825 W/m2.
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FIGURE 6.2:INSTANTANEOUS EFFECT OFDNI ON CAPACITY FACTOR FORTAMANRASSET SITE

VI.5. Instantaneous performance of the selectedep@iant (20 MW molten
salt cavity receiver solar power tower) at desigmp

In order to evaluate the instantaneous performahtee solar field, it is necessary to
estimate the solar radiation intensity from suntessunset. The DNI, of course, depends on
the local weather conditions at the site wherepthwer plant is built.

In the operation strategy, the inlet and outletgeratures of the heat transfer fluid
remained constant and equal 290, 560 °C respegtiVee following figures 6.3 shows the
solar field performance for the representative idasummer. This month is chosen to
illustrate the solar field performance at differaours of the day. The selected day is
21%June.

The HTF mass flow rate, the thermal efficiency antar field output increase
according to the increase in solar radiation froamrsse till sunset of each day, where the
operation duration varies for each day. The amotisblar field output during the summer is
greater due to the higher solar radiation interesityf longer sunshine duration. The period
of Peak
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solar field output generally occurs between 10&.m6p.m. In summer, the solar thermal

energy is about 22 MW at

midday.
—%— Gross electric power output (MWh) hourly
--a-- Recerver thermal power output (MWh) hourly
---&--- Thenmal energy absorbed by recerver (M Wh) hourly
—-#— Thenmal energy from thermal storage (MWh) hourly
— - Thenmal energy to thermal storage (MWh) hourly
—e— Dhirect normal irradiation (kJ/'m”2-hr) hourly
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FIGURE 6.3:INSTANTANEOUS SOLAR FIELD PERFORMANCE FOR THE REPRESENTNE DAY IN SUMMER

FORTAMANRASSET SITE

VI.6.Effect of storage capacity

The storage capacity represents about 3% of taegdotver plant costs [12]. Figure

6.4shows the influence of solar multiple on theazaty factor for different thermal storage

capacities. A higher solar multiple leads to adargforage system and a higher plant capacity

factor.

Figure 6.5 indicates that for a TES equal to 8 Bpoorresponding to a CF of 0.26, and

a LEC of about 0.65 $/kWhthe capacity factor for solar only mode (scenajics maximum.

The analysis has also pointed out that for a highkr multiple, there is higher LEC value.
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FIGURE 6.4:EFFECT OFSM ON THE CF UNDER DIFFERENTTESVALUES.
Moreover, the CF increases with increase in bot8 &kd SM. For SM of 1.6 and TES
equals to 8 h, the plant operates at optimal ciomdit

The present study has indicated that the highesdtar radiation the more attractive

the solar only mode.
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FIGURE6.5:EFFECT OFTESON THELEC AND THE CFWITH RESPECT TO OPTIMALSM VALUE.
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We have also estimated the annual solar electrggtyerated per unit area of land.
Figure 6.6 shows that the larger the solar fiel litwer the performance due to the poor
optical and thermal performance of solar componeértisis the lower is the solar electricity

generated per unit area of land.

We have found that for lower value of TES (0 to 4h§i SM ranging from 1.1 to 1.3,
the maximum annual solar electricity generatioabsut 15.9 kwh/m2/year. As can be seen
from figure 6.6, for a solar multiple ranging frolm4 to 1.6, a 17.6 kWh/ftyear power
output can be achieved in the case of a TES valtiee interval of 6 hours to 12 hours. This

is valid in the case of very high capacity factor.
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FIGURE 6.6: EFFECT OFSM ON THE SOLAR ELECTRICITY GENERATION FOR VARIOUSES.

As illustrated in figure 5.6, the maximum annuaogticity generation per unit area
reaches 17.6 kWh/mz3/year for TES = 8 hours anddtar multiple optimal value SM = 1.5.
This configuration corresponds to the optimal desifjthe solar field and the storage
capacity.

From figure 6.7, it can clearly be seen that theuaihelectricity generation per unit area
is maximal (17.6 kWh/m?/year) for TES = 8 hours &mdsolar multiple optimal value SM =

1.5. This configuration gives an optimal desigrh# solar field, the storage capacity and the
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maximum solar electricity generation. There is bogr a need to look at the cost benefit of

such issue.
18.00 -
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FIGURE 6.7:EFFECT OFTESON THESEGFOR OPTIMALSM = 1.5.
In order to determine the Levelized electricitytcb&C for the case of scenario 1 with
and without thermal storage option, we have caroatl a sensitivity analysis to get the
optimal solar field multiple. In figure 6.5, the stoper unit of electricity generation is

compared for different values of storage capacity.

Figure 6.5and figure 6.7 indicate that for a thdrerergy storage capacity of 8 hours
and for a solar multiple SM = 1.6, the value of LEGninimum (LEC= 0.66 $/kWh) but, it is
still higher than that of a fossil power plant (LE®.07 $/kWh) [14].

It is important to note that the higher the sotatiation, the higher the storage capacity
for the same SM and therefore the lower the LEQeval
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FIGURE 6.8:EFFECT OFSM ON THELEC FOR DIFFERENT VALUE OFTES.

V1.7 .Effect of the DNI on the performance of CSP

The performance of the CSP plant depends significan the incident solar radiation,
which depends on the geographical position andclingatic conditions. To investigate the
effect of incident solar radiation on the LEC, #pecific investment cost and the performance
of the CRS, three regions sites, namely, Tamar,d3ata and Algiers have been selected.

These sites, located in three different geographiegions, are characterized by
different climatic conditions. These regions are toastal zone, the high plateaus and the

Sahara desert. The results are reported in fig@e 6
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FIGURE 6.9: EFFECT OFDNI ON THE CAPACITY FACTOR LEC AND SPECIFIC INVESTMENT COST
Figure 6.9 shows that as the DNI increases, thaargpfactor goes up and the LEC
goes down. The LEC is nearly the same for Algard Batna site which is about 0.85%/kWh.

This is significantly higher than that of a fospibwer plant (0.07$/kWh), while the
specific investment cost is similar for Tamanrassat Batna, abowt600 $/kW.. This value

Is not so much far from the costs given in theditere, indicating a good agreement[32].

The results indicate that for optimal working paedens and for a given size of the
solar field, Sahara regions (Tamanrasset site)raree suitable for the implementation of

large scale solar CRS power plants.

VI.8. Hybridization effect and fossil fuel fractiaptimization parameter

As outlined in table6.10, for each hour in the dation, the amount of energy in
storage is evaluated. For each period, there avedispatch targets for starting or continuing
to run the power cycle; one for periods of sunshamel one for periods of no sunshine.

* During periods of sunshine when there is insuffitienergy from the solar field
(cloudy days) to drive the power cycle at its loaduirement, the system dispatches
energy from storage only when energy in storaggréater than or equal to the

dispatch target.
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* During periods of no sunshine, the power cycle nat run unless energy in storage is

greater than or equal to the dispatch target.

The turbine output for each dispatch period deteesithe power cycle output required
for hours that fall within the dispatch period. g the period when the solar field energy is
insufficient to drive the power cycle at the outpatjuirement, the power cycle runs on

energy from both the solar field and storage system

The effect of the fossil fuel fraction on both Lézed electricity cost and capacity
factor is illustrated in figure 5.10,we get an amim value of FFF in the range of 0.8 to 1

where we have a trade-off between cost and perfucen®f the plant operation in hybrid

mode.
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FIGURE 6.10:EFFECT OF FOSSIL FUEL FRACTION ON THE LEVELIZED ELECTRITY COST AND CAPACITY
FACTOR

The sensitivity of both LEC and CF is less impottéor lower values of fossil fuel
fraction parameter (less than 0.8) in the threeorey This due to the low quantity of energy
added from the solar part. In the solar only mdde,energy conversion efficiency is lower
than in the case of hybrid mode. The need to develore suitable components, such as
turbines and heat exchangers, is necessary in tydecrease the competitiveness of solar

only mode.
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VI.9. Capital cost estimassimulation for solar central receiver power p

V1.9.1. Methodology

Component costs for IMWE@(MWe, 50MWe and 100 MWaeet electrical outpiplant

have been estimated usiB8@M advisor utility softwar.

To achieve this, eagblant was divided into 4 ain areas:

— Solar Field
- Receiver and Tower
— Storage and molten salt sys!

— Power Block

Within each area, approximately 10 equipment itemsystems were identified f

detailedcosting. Depending on the particular equipmentfeiewing method wa used to

estimate installation cost.

In most cases an alternative method was used fdication. The methods incluc

Cost scaled from pilot plant actual cost: For aarpdant areas where the only known d

is pilot plant cost information, theilot plant values were scaled to full si

A risk associated with this approach is that besefue to economies of scale ¢

technology learning are not considered. The satéd fvas costed using this metl, table

6.4.

VI1.9.2. Plant specitations

TABLE 6.4: SIMULATION RESULTS FCR EACH PLANT DESIGN COMPONENTS

without storage | with storage | with storage | with storage
Plant capacity [Mwe)] 1 20 50 100
Plant location Tamanresset
Solar Field Heliostats: number, each 122 mx 122 m 92 1680 4550 8697
Total heliostat field area [m?] 13282 242550 656761 1255483

Working fluid HTF

Molten salt (60% NalNO3, 40% KNQO3)

Hot temperature [*C] 574

Cold temperature [*C] 290

Receiver Cylindrical, n panels. 20 20 20 20
Height [m] 3.56 6.85 10.16 21.83
Diameter [m] 593 16.64 17.34 859
Tower high [m] 14325 12978 161 44 202
Turbine steam conditions 539°C/16.5 MPa

Cooling System Dry cooled

Storage [h] 8

Condenser Air cooled

Land area [acres] 56 286 8?9| 1780

108




Chapter V. Results, Discussions and Conclusions

=>» Solar Field: The cost estimation for a 20MW CShplaas based on solar fields of
242550 m2with storage, which will require 1680 bslats. Each heliostat has a
reflecting surface just over 144 m2. The heliostatorsdesign consists of glass
mirrors and steel structure supported on concmirdations. Eachheliostat will
require motors and tracking systems and field gitmcontrol and track the sunand
concentrating the solar radiation on the receiver.
Costing was based on a combination of literatuveeve Receiverwere reviewed for
heliostat pricing in $/m2 and material quantitiestgeliostat. Materials included
kilograms of glass, steel and concrete as weltastors andfield wiring. The review
approach concluded that $170/m?(Table 5.5)is anogpiateestimate of heliostat

fabrication and erection cost.

= Receiver: The receiver is assumed to be of cawsygh with 20 adjacent panels
arranged around the perimeter of a 12.44 m dianb@iesr structure. Each panel is
6.85 m high and
comprises of 40 individual 0.04 m tube joining tocanmon header at either end.
Several flow arrangements have been proposed.rngadbie receiver assumed two
pipe sizes, 40 mm for the parallel panel runs &t@rh mat the headers and inter-
panel connections to maintain the flow rate. Alinpmnents are to be fashioned from

commercially available schedule 5, 316L Stainles®/Subing.

= Tower: A set of civil and structural conceptualigas were developed to enable
accurate solar tower cost estimates. This cosisedbon a concrete tower shell design
with a total height of 130 m with storage optiomcluded are all associated

civil/structural requirements

such as piling, footing, excavation and refill. t&el platform floor was assumed to
support receiver rather than a concrete slab taceedeight. Also a lift, ladders and

landing were all included in the price estimate.

= Molten Salt and Storage Systems: Depending ongeeifec storage and operational
requirements, a concentrated solar power plantinesjat least one Heat Transfer
Fluid (HTF) tank for cold molten salt and a sectwdl tank should storage be
required. For this study the variation in tank riegqments for each case forms the
basis for the difference in capital cost. In thestmrage case, HTF is pumped up the
tower where it is heated before descending therttavihe steam generator and
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returned to the cold storage tank. When storagegisired, an amount of the

descending hot HTF is directed into a hot storagé for later use.

= Power Block: The power block design consists obraventional steam cycle. Steam
is raised and superheated by the heat transfer (il F) via a number of shell and
tube heat exchangers. The steam drives a singtatrélrbine with air cooled
condenser (ACC). The turbine consists of two cyisdwith single flow high pressure
turbine (HPT) and combined opposed single flowrmediate pressure (IPT) and low
pressure turbines (LPT). A single bled steam oped fvater heater is employed as
well as a HTF feed water pre-heater. The feed watsheater is again a shell and

tube type.

The analysis of each equipment and its contributidhe estimated cost of the central
receiver power plant shown in the different figérél, 6.12, 6.13, 6.14 and 6.15 have been in
concordance to the literature review[34], howewerhain conclusion to the issue of the
overall capital cost reduction to CSP power plarthe increase in the plant size and the

economies of scale procedures.

W Site Improvem ent
m Heliostat Field
mTower and recerver
0% mBalance of plant
mPower bloc

H Storage

m Contingency

m Owners cost

1%

FIGURE6.11:CAPITAL COST ESTIMATED FOR EACH COMPONENT OF THEMWE POWER PLANT
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FIGURE 6.12:CAPITAL COST ESTIMATED FOR EACH COMPONENT OBO MWE POWER PLANT

W Site Improvement
m Heliostat Field

m Tower and receiver
m Balance of plant

m Power bloc

= Storage

m Contingency

m Owners cost

FIGURE 6.13:CAPITAL COST ESTIMATED FOR EACH COMPONENT 060 MWE POWER PLANT
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FIGURE6.14:CAPITAL COST ESTIMATED FOR EACH COMPONENT OEOOMWE POWER PLANT
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V1.9.3. Overall estimated capital c

The methodology described above was used to detertiné overall cost of tr20 MW

plant with storage. A summary of the major plerea costs is provided able6.5.

TABLE 6.5:CAPITAL COST ESTIMATES FOR20MWE NET ELECTRICAL OUPUT PLANT(2014).

Unit cost Estimated cost Million 5

Site preparation & civils 515 /KW net 15
Solar Field 35170 /m? 170
Tower 529 kWih 14.5
Fecetver 519 kWih 23.4
Molten Salt and Storage Systems 512 /KWhth 20.8
Turbine systems (inc generator) 5464 KWe gross 48.6
Steam generation 5187 kWe_ gross 20.6
Controls 5350 cWe net 10
Spares 17.9
Owmner & contractor costs 112
Total 452.8

VI1.10. Open volumetric air receiver analysis and $abian

As the results discussed of the previous work ¢ the single channel flon46], further
analysis about the air flow and heat transfer ms$ine continuum homogenous model

assumed in the present appros

The main objective is to investigate all paramesaich as the radiation model appl
at thesurface of the absorber, the Brinkman model appbetie fluid flow through th:

porous structure affecting the physical model. dineemperature distribution in figu6.16

iIs homogenous along the receiver geometry withtdrassersion. The gap betwe the air
temperatures is about 7.5% at the outlet of theymostructure. Nevertheless, the propc
model predicts better the radiation, convection @mtuction heat transfer in the absol

with the air flow, comparing to the experimentaksy

Table 6.6ndicates the measured values and simulationgnmstef thermal to fluic
efficiency and the outlet temperature. Figu.16 shows the correspondence betw
experimentally and numerically determined air dugenperature values, the meastL
therma efficiency is higher at about 6.1 % more thangheulated on

TABLE 6.6: COMPARISON BETWEEN THE EXPERIMENTAL AND NUMERIC RESULTS OF TIE CONTINUUM
MODEL
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Tests Inlet mass flow Tin [°C] Experimental Numerical values
N° [kg/s] values
Tout[°C]  m [%] Tout n [%]
[°C]
1 1*0.6*0.026=0.0156 44.85 717.71 82 676.53 77

Analyzing the figure 6.17, figure 6.18 and figur&%and comparing with the previous
results given in the study done by Elona, the prieswdel is more realistic in predicting
(calculating) the air temperature, the solid terapge and the air velocity respectively along

the receiver.
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o
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FIGURE 6.16: THE RECEIVER AIR TEMPERATURE DISTRIBUTION
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Thus, coupling dynamic effects and thermal heaisfiex along the absorber and the air
area gives more scope to further optimize the vec@ptimal working conditions such that
air mass flow inlet, radiation flux energy absorlmgtthe porous structure, the channels

dimensions and air return ratio for cooling purposthe absorber structure.
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FIGURE 6.17:NUMERICALLY DETERMINED TEMPERATURE DISTRIBUTION IN THE CENTR OF THE AIR
RECEIVER VOLUME IN FLOW DIRECTION PRESENT MODEL UR ELONA’S MODEL AT THE DOWN[43].
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FIGURE 6.18:THE SOLID TEMPERATURE DISTRIBUTIONPRESENT MODEL AT THE TOPELONAS'S
MODEL AT DOWN [43]
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FIGURE 6.19:NUMERICALLY DETERMINED FLOW VELOCITY DISTRIBUTION. PRESENT MODEL AT THE
TOP SIDE ELON’AS MODEL [43] AT THE DOWN SIDE
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VI.11.Conclusions

In the present study, the thermal performance andamicanalysis of a future 20 MW
molten salt cavity receiver solar power plant hasrbcarried out. Two scenarios, namely the
solar only mode and the hybrid mode have been fipa#sd. The comparison of the
simulated results to those of PS20 has shown goament. A comparative study with
earlier simulation work carried out by Izquierdaakt[20] has been undertaken. However,
critical parameters are missing for a meaningfuhparison.

Nonetheless, there is a qualitative agreement legtwee present results and those reported

by Izquierdo et al.

The analysis has pointed out to the fact thatdhgel the storage capacity, the larger
the solar multiple and the lower is the LEC siroe $torage system has the lowest investment

costs.

A strong relation between the capacity factor, isoialtiple, and the TES have also
been found. In solar only mode, it is shown thathigher the DNI the higher the storage
capacity, thus the higher the plant capacity factmrsidering the same solar multiple. This
is the case of Tamanrasset that has the highestrsgliation intensity compared with Batna
and Algiers. The hybridization is an attractiveioptthat enhances the efficiency and increase

the capacity factor. It decrease the LEC compainédtive solar only mode.

The fully coupled heat transfer and fluid flow exits more advantage to model the
physical phenomenon experiencing the honeycombtsatelof the absorber. Furthermore, the
homogenous continuum model can be used to detetimeneffect of volumetric convective
heat transfer coefficient exposed to nonhomogentwimal radiation with further adapting
the irradiative inlet boundary conditions of thenegcomb material investigated.

This is a useful quantity, which can be used fduced numerical models such as the
continuum model.

The present model can be used to predict tempegasund velocity distributions in the
volumetric solar air receiver. However, more inygaion need to be assumed in future work
to assume the non-homogenous irradiative heatferamodel, (using ray tracing monte-carlo
or P1 gray diffusion model) to assess accurata\ettergy transferred to the porous structure.
Thus, we could choose the best optimal model tapgpdied with up scaled version of the

volumetric air receiver.
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Finally, analysis of such model given by the préstéumndy can be used as a tool to
further optimize the receiver geometry which cookdused in solar commercial plant, and
further introduction in international market tragin

The application of this technology (high efficiemibrage systems and hybridization
option) to solar towers, requires however moreaptd R&D activities. For the solar
subsystems, the Micro Tower Configuration (MTC) @gms to be one of the most promising
options to reduce investments costs induced byehigiwer and enhance optical efficiency as

it is recently confirmed by simulation tools.

To meets these targets, increase in research fyadith a stronger integration of
fundamental and applied research, together withothstnation programs and market
incentives are required to speed up the innovatiage. Fundamental research on solar
radiation assessment, solar subsystems, heatdrdhséls and storage technology are needed
for taking some advanced CRS concepts from labiyraiale prototype systems out to

commercial scale applications.

Therefore, with the continuous progression in sptaxer conversion cycles
technology, the development of the central recesedar plant could be the best choice in the
future, and it might become competitive with foss#l power technologies in the coming

decades.

VI1.12. General Conclusions and forthcoming insights

The present work deals with the technical feasybdf central receiver system using solar
tower technology. This technology is based on saacentration ratio of up to 1000 suns
that can supply solar process heat at higher teatyes of about800°C.

This technology has been under development sing@sl8fter the pioneering experience of
Solar I and Solar Il in USA and the Plata formaidimeria in Spain during the period of
2000-2010.

It has reached the commercial maturity and isdyflansion. Algeria is very rich in solar
energy resources. It possesses large unpopulateah@noductive land in the Sahara which
represents80% of the total country area. This m#iesountry an ideal place for the
implementation of the concentrating solar thernmal@r plant technologies. Algeria has
expressed a high interest in developing its salargy resources.
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To this end, it has introduced a program wherersbkrmal energy plays a central role. In

order to study the viability of solar tower powdamt, we present here a technical and

economic assessment of a hybrid molten salt cecaraly receiver under Algerian climate.

Using the economical, technical, meteorological eattiometric data, we have carried-out a

simulation under SAM advisor tool.

However, we have done further analysis (fluid flamd heat transfer simulation) for the

solar power tower element which is the open voluimeir receiver (porous ceramic

absorber) taken from a pilot plant of Jalich, Gemgna

VI.12.1.General Conclusions

In this type of concentrating solar plant, the leigfgnvestment is critical in the
heliostat field and all associated operating anéhkdaance costs during the life time
cycle;

The levelized cost of electricity is inversely pooponal to the capacity of the plant,
more high the capacity factor of the power plassithe LEC value;

The need for more precise DNI-data values will é@ase strongly as solar-thermal
electrical power generation stands on the thresbiobstonomic profitability.

The choice of the type of plant depends not onlyherated electrical capacity, but
also of the type of the services which will be pde&d to costumers.

However, the utility plant might be used as peakingermediate or base load unit,
and the time on the day during which the plant gnes dispatched

In general, hybrid power towers were shown to lmmemically superior to solar only
plants with the same field size. Furthermore, tbweqr-booster hybrid approach was
generally preferred over the fuel-saver hybrid apph;

The HTF mass flow rate, the thermal efficiency aonthr field output increase
according to the increase in solar radiation fromrse till sunset of each day, where
the operation duration varies for each day.

The amount of solar field output during the summegreater due to the higher solar
radiation intensity and longer sunshine duratidme Pperiod of Peak

solar field output generally occurs between 10&.mh6p.m. In summer, the solar
thermal energy is about 22 MW at midday;

The main conclusion depicted on this study is thatcentral receiver power plant
doesn’t begin working (steam production and eleityrigeneration on the turbine) for
lower value of DNI than 825 W/m2,
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Chapter V. Results, Discussions and Conclusions

- The fully coupled heat transfer and fluid flow exits more advantage to model the
physical phenomenon experiencing the honeycombtsatelof the absorber.

- Furthermore, the homogenous continuum model carseeé to determine the effect of
volumetric convective heat transfer coefficient@sgd to nonhomogeneous thermal
radiation with further adapting the irradiativeahboundary conditions of the

honeycomb material investigated.

VI1.12.2. Forthcoming insights

Several remaining items that should be addresstdure work might be considered as
a detailed model is developed, but have a sigmficapact on the accuracy of the system
model.

However, the need to evaluate the viability oftéehnology is a thorough economic
and costing analysis to determine the actual dapp&ration, and maintenance costs
associated with the plant. Further developmenhefcbsting parameters and system
economics is expected as the model presentedsimebearch is integrated into the Solar
Advisor Model.

Fundamental research on solar radiation assesssodat subsystems, heat transfer
fluids and storage technology are needed for takomge advanced in central receiver system

concepts from laboratory-scale prototype out to mential scale applications.
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APPENDICES
VIl.1.Convective heat losses regimes correlatiothecavity receiver

Convective heat losses of a solar central are egligible; therefore, convective losses
need to be considered for the cavity receiver taémodel. The accurate description and
modeling of convective losses in cavity receivera complex problem due to the complexity

of the geometry.

An important parameter to characterize natural eotion is the Grashof number. It
approximates the ratio of buoyancy to viscous factng on a flow, and is therefore an
indicator if a flow is driven by buoyancy or extalteffects. The Grashof number is defined
in equation A.1, with g the gravitation constghthe volumetric expansion factarthe

kinematic viscosity and L the characteristic lengtlthe receiver:

_ 9B (Tyy—Te).L® _ Buoyancyeffects
Gr = ~ T scowsef fects 1T s (A.1)
The viscous effects characterized by the Reynaldsher is defined in the equation
(A.2)

_ 3
Re? = 98 oo e, (A.2)

p2

Consequently, the ratio of the Grashof number ¢ostijuare of the Reynolds number is
a useful indicator of the driving forces of thewland therefore what kind of convection
mechanism has to be considered in the heat tramsfdel. This ratio is also called the
Richardson number that represents the importannatafal convection relative to the forced

convection. The Richardson number in this contexiefined as:

Gr

=
I

Ri « 1->Forced convection is dominant, natural convectiam loe neglected;
Ri =~ 1->Mixed convection where both natural and forced eation are considered,;

Ri >» 1-> Natural convection is dominant, forced convectian be neglected;
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Another dimensionless number which characterizedhe of viscous diffusion rate to

thermal diffusion rate, or the importance of corixecto conductive heat transfer in a fluid is

called the Prandtl number.

Pr = X

k

e (A)

Many natural convection correlation use the Rayleigmber as the dominating

parameter to characterize the fluid proprieties thedheat transfer condition.

Ra = Gr.Pr

TABLE A.1:RECEIVER PARAMETER CHARACTERISTIC$17].

Characteristics

Range

Prandtl number Pr = C”T”

0.7<Pr<0.71

9B (T —Teo).L3

Grashof numberGr = ~

2.8e°< Gr<1.1€*

Rayleight number Ra = Gr. Pr

2.86°<Ra<7.8¢€°

[VaB T =-Te) 13|

2

Reynolds numberRe =

1.5d<Re< 2.8€

VIl.2.Radiation heat transfer losses

The radiation is the major heat loss mechanismsafil@a central receiver. The

radiation loss can be separated in two modes. Tdleadiation losses and wavelength

radiation losses. The first type is consideredtdude high temperature difference of the

receiver surface and the surrounding. The secqeldfthe radiation losses is caused by

the imperfect absorptive capabilities of the suefac

VI1.2.1. Radiosity method

The ratio of radiation leaving an arbiraurface i falling directly on another

surface j, to the total radiation leaving surfacedalled view factor.
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F.. — Radiation leaving surface i that falls directly on surface j
i =

2 total radiation leaving surface i

(A.6)

The radiation view factor calculation algorithmttlaaas developed is a Monte-Carlo type
ray-tracing technique that calculates a vectorifeathe originating surface at a random
location, angle and elevation, and checks to sgénifersects the polygon on the target

surface.

Thus the thermal radiation that is emitted by diasigr i and directly intercepts surface j is

given in the following equation:
Qi,j = §&;. 0. Ai' Fi,j' Ti4 ................................................................... (A.7)

VII1.3. DELSOL-3 algorithm principals

As an optical performance calculation tool, DELS®ktembines the effect of the
different losses occurring in a heliostats filegblat (cosine effect, shadowing effect,
blocking effect, atmospheric attenuation, spillagd flux image profile).

DELSOL-3 can analyze system involving flat, focusedanted heliostats with round or

rectangular shapes.

As a system design tool, DELSOL-3 defines the bestbination of the field
layout, heliostat density, tower height, receivee @nd tower position. Such arrangement

is based on the performance, total plant capitsl aod system energy cost.

DELSOL-3 can be used in two ways, to do a detaflogpmance calculation for a
system which is completely defined by the usetpatefine by optimization a system
having a lowest energy cost and then do a detpéeidrmance calculation on that

system.
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r ........... e an";rrer hE-'\igh.t= ]:tEI'ﬂtE;

== —*|First recerver vanable, [terate

----------- - Second recerver variable, Iterate

Calculate zone by zone performance for this tower

|
|
I
i and receiver
i
|

= —*| Tower position (land constram only), Iterate

Find fraction of each zone withing land constrain

Build up heliostat field

- Determine performance and costs
- Test for mmimum energy cost

|
|
|
|
!
! - Test for tho Lt
|
|
|
|

——— —For continued position iteration

L..——.—-—For continued 2nd recefver VAR iteration

T s —|For contimued 1st recerver VAR iteration

=== — = — For continued tower height steration

FIGURE B. 1: OPTIMIZATION SEARCH DIAGRAM [18].

VII1.3.1.The parameters varying during optimization

In the following item we note that some of variabéan have only discrete value (DV) eg.

Tower height, while the other varies continuouS¢y.

= Design point power level (DV);
= Tower height (DV);
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» Receiver dimensions (DV);

= Tower location for land constrained system (DV);
* Field boundaries (VC);

» Heliostats spacing (VC);

= Storage capacity at a given solar multiple (DV);

VII1.3.2.Themain parameters held constant duringnapation

These parameters can be optimized only by doingrakeptimization steps, each with
a different value for the parameter of interest.

= Site
- Latitude
- Insolation
- Weather
- Atmospheric attenuation
* Field
- Type (surround or north configuration)
- Heliostat patterns
- Minimum and maximum boundaries
= Heliostat
- All design parameter
» Receiver
- Receiver type (external or cavity)
- Orientation of cavity
- Ratio of cavity dimensions

= Solar multiple

VI1.3.3. Steps in designing a system

1. Define a system

- Heliostat type, receiver type, flux limit, fiebundaries.
- Non optical performance parameter: receiver IBEGS

- Costs appropriate to technology and application.

2. Initial performance calculation
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- Use a guess for optimum tower height
- Save results for other optimization using this dstht, site, tower height.

3. Coarse optimization

- Limited number of widely spaced optimization vateab
- If optimum value (s) of a design variable (s) isheg minimum or maximum value
allowed for search in optimum, increases the ranf@alue searched and do

another coarse optimization.
4. Fine optimization

- Use afiner grid of optimization variables centeoadresults of step lll.
- Reuse initial performance results from step Ilggsltower height is very

different.
5. Heliostat density optimization
A. New initial performance calculation

- Use optimum tower height from V.

- Use default densities or optimized densities framilar system optimization.
B. Optimization (can be done at the same asWA)

- Do not vary tower height.
- Choose a fine grid of a receiver sizes.

C. Converge density optimization

- If optimum heliostat layout is very different fromitial layout used in VA, repeat

VA and VB using optimum densities from VB as thpuhdata for VA.
6. Detailed performance calculation for optimumteys

- Do a used defined field performance calculatioomifmum system.

- Optimize heat storage capacity if desired.
7. Investigate other design concepts
- Repeat I-VI with different heliostat or receivepgy different working fluid.

8. Non-energy cost design consideration

- Energy cost is generally intensive to small pertidn from optimal system.
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- If other consideration suggest deviate from DELS®daptimal design, run it to
calculate energy cost of modified system.
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= Quantitative and detailed technical descriptionT€C

= Update Schedule studies.

Sites of projects

=> Construction of IBIS Hotel Algiers, Algeria
=> Construction of Head quarter of Algiers Metro, Aige
= Construction of ROYAL Hotel, Oran, Algeria

Ao(t 2006 — October 2006*

‘C IAT

Tests Implementation Engineer on thermal hydrapdidormance of brazed plate heat exchangers.
Company : CIAT Culoz France.
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‘CIAT

Internship For Master thesis Dissertation: Analysisevaporation and distribution phenomena of
multiphase flows in a brazed plate heat exchanger.

February 2006 to July 2006

Company: CIAT. France.
March 2005 to July 2005

cS1B

Professional internship on the study of ventilagguipment and calculation of the energy balance in
the building.

Company: CSTB. France.
March 2004 to July 2004

o¥layag) daals
Universit: ¢ Boumerdes
University of Boumerdes

Engineer Thesis Dissertation: 2D Simulation andnaightion of heat transfer and fluid flow in a
closed two-phase thermo-syphon

Energy laboratory of fluid solid mechanics ‘LEMBbumerdes. Algeria.

L ANGAGES

- E Berbére : Native langage.
- Erabic: Current speaking and writing.
- -I French: Current speaking and writing.

% English: Current speaking and writing.
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HOBBIES:

- Sports: soccer, swimming computers, music, cinema.

OTHER:

Integrates easily into a team.

- Spirit of research and development.

OBJECTIVE:

- Successful teamwork matching my ambitions and nilissk

KEY ACHIVEMENTS :

Possess sound knowledge in Construction superyi®ioality Inspection
Worked for special project building and industrgjects

Become familiar with design drawing, specificati@msl HSE standards through
Training received with international companies

SCIENTIFIC WORKS :

Participation in doctoral seminars organized byldberatory LEMI MSM group Expert intervention
came from ENSAM ParisTech;

Participation in training in renewable energy ofigad by an expert group Germany (DLR, Julich)
and UDES of Bousmail (enermena2012) in October 2012

Participation in scientific and technical conferemorganized by the Sonatrach group Oran
Convention Center from 8 to 10 April 2013;

Participation in the international seminar on modglsimulation and optimization Applied
organized by TDSA (ICMSAO 2013) in Hammamet, Tumisom 28 to 30 April 2013;

Publication of an article in IEEE titled "Solar TemPlant Implementation in Northern Algeria:
Technical and Economic Assessment ";

Participation in the international seminar on eleat energy conversion systems (EPECS 2013) in
Istanbul, Turkey from October 2 to 4, 2013;

Participation in conferences organized by ERA it28t the convention center in Oran from 28 to
October 30, 2013 on the integration of photovoltaadules for control systems Pipeline integrations
and gas transport in isolated sites;

Redaction of a training summary entitled "Fully @tad heat transfer and fluid flow in the open
volumetric air receiver under homogenous irradratio Julish, Germany;

Publication of an article in Energy Conversion d@hagement newspaper entitled: "Thermal
performance prediction and sensitivity analysisfiure deployment of molten salt cavity receiver

solar power plants in Algeria.";
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Table 1.1 : Review of csp technology (advantagesdrawbacks).
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Parabolic Trough

Power Tower Central
Receiver

Dish / Engine Parabolic Dish

Linear Fresnel Fresnel
Linear Reflector

Applications | Grid-connected plants, Grid-connected plants, Stand-alone, small Grid connected plants, or
mid to high-process high temperature off-grid power systems or steam generation to be
heat process heat clustered to larger grid connectg used in conventional
(Highest single unit solar | (Highest single unit solar dish parks thermal power plants.
capacity to date: 80 capacity to date: 20 MWe
MWe. under construction, Total (Highest single unit solar (Highest single unit solar

capacity ~50MW with at least| capacity to date: 100 kWe, capacity to date is 5SMW
100MW under Proposals for
Total capacity built: development) 100MW and 500 MW in in US, with 177 MW
Australia and US)
over 500 MW and more installation under
than 10 GW under
construction or proposed)
development)
Advantages | * Commercially available |« Good mid-term * Very high conversion * Readily available

— over 16 billion kWh of
operational experience;
operating temperature
potential up to 500°C
(400°C commercially
proven)

* Commercially proven
annual net plant
efficiency of 14% (solar
radiation to net electric
output)

* Commercially proven

prospects for

high conversion
efficiencies, operating
temperature potential
beyond 1,000°C (565°C
proven at 10 MW scale)
« Storage at high
temperatures

» Hybrid operation
possible

* Better suited for dry
cooling concepts than

efficiencies — peak solar
to net electric
conversion over 30%

» Modularity

» Most effectively
integrate thermal
storage a large plant

» Operational experience
of first demonstration
projects

* Easily manufactured
and mass-produced

* Flat mirrors can be
purchased and bent

on site, lower
manufacturing costs
 Hybrid operation

possible

* Very high space efficiency
around

solar noon.
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investment and
operating costs

» Modularity

» Good land-use factor
» Lowest materials
demand

» Hybrid concept proven
» Storage capability

troughs and Fresnel
* Better options to use
non-flat sites

from available parts
» No water requirements
for cooling the cycle

Appendices

Disadvantages|

* The use of oil-based
heat transfer media
restricts operating
temperatures today to
400°C, resulting

in only moderate steam
qualities

* Projected annual
performance values,
investment and
operating costs need
wider scale proof in
commercial operation

* No large-scale
commercial examples

* Projected cost goals of
mass production still to
be proven

» Lower dispatchability
potential for grid
integration

 Hybrid receivers still an
R&D goal

* Recent market entrant,
only small projects
operating

Source: International Concentrating Solar Power Gldnal Outlook Greenpeace International 2009
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