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RESUMEN
Dada la demanda actual de energia, su proyeccidrafde crecimiento y que Chile es
un pais importador de combustibles fosiles, esréstate evaluar la posibilidad de
instalar plantas de potencia que usen energiasapaisnrenovables y de disponibilidad
local. Una de las tecnologias para produccion aggém prometedoras es la energia
solar de potencia, especialmente la de concentradulindro-parabdlicos, que tiene
mayor experiencia comercial que otras tecnolodtaso se puede ver en las plantas
SEGS en Estados Unidos y otras en el mundo. Se ademas que Chile es reconocido
como un pais con uno de los mejores niveles daciadi en el mundo.
El alcance de la tesis es evaluar termodinamicameifiérentes modelos de plantas
solares, con ciertas caracteristicas en comun, peader realizar comparaciones.
También realizar una comparacion econdmica par&ndat como las distintas
configuraciones se relacionan con los costos deléagas. De los modelos térmicos y
economicos estudiados, se cred una herramientaleec®n. Esta herramienta es Uutil
para seleccionar el tipo de planta y el area optimé&a misma, basado en la irradiacion
especifica anual del lugar donde esta planeadtaitdap La herramienta esta basada en
el costo nivelado de la energia, precio que regkhalor presente del proyecto. Las
principales conclusiones basadas en el LEC sonegiste un modelo 6ptimo, para
distintos niveles de radiacion. Este modelo optiiaoe a su vez un area de apertura de
colectores, que es inversamente proporcional adiacion del lugar. La disponibilidad
de sistema de respaldo fosil puede bajar el LEQugares con niveles de radiacion
menores, pero puede subir el costo de la elecdqgidra lugares con mayor radiacion.
La variabilidad en la radiacion también fue estddig se concluye que la dispersién del
LEC es menor si se sobredimensiona el area detomdsc por lo que para el caso de

tener incertidumbre se recomienda aumentar eldaealectores.
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ABSTRACT
Due to the current and growing energy demand imgoorting fossil fuel country such
as Chile, it's interesting to evaluate the posgibibf installing power plants that use
renewable and locally available primary energy esource for producing electricity.
One of the promising technologies is solar powespeeially parabolic trough
concentrators. Currently, there are more commefaglities producing electricity using
that technology than any other concentrating teldgyo This can be seen in the use of
SEGS in the United States and other countries dro@ world. Chile is recognized
having one of the best radiation levels in the dionthich makes this option particularly
interesting for our nation.
The purpose of the thesis is to evaluate the varimodes of thermal plants. An
economical evaluation of those plants was perfornmedrder to elucidate how the
different technologies are connected to their cdstselection tool was developed based
on the economic and thermal model studied in otdlexssess the best technology and
solar field size. This tool can be used to choomelplic trough concentrating plant
technologies and solar field areas based on theifgpannual irradiance of the site
selected for the plant. The tool is based on thelileed electric cost, which is the sale
price of electricity for net present value of th®jpct equal to zero. The study showed
that the optimal model depends on the radiatioalléMe optimal solar field size of this
model was found to be inversely proportional taalaoadiation.
One of the ways in which the models vary is the afse fossil back-up system, which
can lower the LEC in low solar energy sites. Howehegher radiation can increase the
LEC.
The variability in the radiation also was studiadd it was found that the LEC spread
diminishes if the solar field is oversized. As aulg if there is a lack of certainty, a

larger than optimal field area is recommended.
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1. INTRODUCTION
1.1Energy in Chile
Primary Energy in Chi

Chile is not a fossil energy producer; the couruses imported fuels tsatisfy its
internal consumptio See Figure 1 1which is based on data fri the Comision

Nacional de Energi@National Energy Commission, CNE).
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Figure 1-1: Production and consumption of crude oil in Chie (CNE, 2008

Figure 1-2clearly show that the country’s cogbroduction isinsufficient to satisfy

internal demandAs a resultalmost all of the coal is imported.
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Figure 1-2: Production and consumption of coal in ChiléCNE, 2008



Figure 1-3 shows that internal production is ndfisient to meet gas consumption.
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Figure 1-3: Production and consumption of natural @s in Chile (CNE, 2008)

There was a significant increase in gas consumi@000 due to the gas connection to
Argentina which made it possible to generate al@ttrless expensively using gas
turbines. However, the gas flow from that countag Isince been restricted, as seen in
the figure below.
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Figure 1-4: Unavailability of natural gas from Argentina (CNE, 2008)

GNL Quinteros, a regasification port for liquefiedtural gas, was opened in 2009 in
order to provide gas to central Chile. The plans wasigned to provide 10 million cubic

meters of natural gas per day. That quantity wanaeldufficient to meet gas needs for a



year like 2002, when there were no shortages, miighly would not satisfy current

needs.

6.000
5.000
4.000
3.000 - B Imported

2.000 - Natural Gas
1.000 -

1999 2000 2001 2002 2003 2004 2005 2006 2007
Year

Millions cubic meters

Figure 1-5: Imported natural gas for the regions llthrough VIl in the last years (CNE, 2008)

Figure 1-6 shows that Chile is highly dependentfassil fuels, with an important

contribution of electricity and biomass in finalezgy use.
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Figure 1-6: Final primary energy consumption in Chle (CNE, 2008)

1.2Electricity in Chile

The electric market in Chile is based on four traigsion systems. The northern system
produces, transports and delivers energy to Redidhand XV. This system, which is
called SING orSistema Interconectado Norte Grandweainly provides power for

mining activities and, to a lesser extent, to tiie<in that area, which is less populated



than other parts of Chile. The installed capacft$iiNG in 2008 was 3,600 MW, 99.64

% of which came from thermal systems.

The central systems is the SIC, Sistema Interconectado Centravhich had an

installed capacity of 9,650 MW in 2008. This netlwaovers Regions Il through X,
Region XIV and the Metropolitan Region, which is®to Santiago, a city of some six
million people. Hydroelectricity provides 56% of ethsystem’s capacity, and the

remaining 44% is mainly produced by thermal powants.

The southern systems are tBestema de Ayséand Sistema de Magallangsvhich
produce electricity for Regions Xl and Xll, respeety. That two systems account for
almost 130 MW of installed capacity.
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Figure 1-7: Electric systems in Chile (CNE, 2008)

SING and SIC are the most important power systen@hile. The primary energy used
in the two systems is shown in Figurel-8. Hydroeieity is the leading source,
followed closely by natural gas. The use of coahcseasing.
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Figure 1-8: Installed capacity distribution of SING and SIC (CNE, 2008)



Figure 1-9 presents yearly electric energy use fiitmgry energy source produced in
both main systems through October 2008. Hydro péalesading role in the production,
and oil and coal are very important, as well. Wpaver has been marginal, as only a

few wind farms contribute power to the systems.
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Figure 1-9: Electricity generated in SING and SIC CNE, 2008)

The marginal cost is the price that has to be paidroduce the final unit of energy.
Figure 1-10 shows observed high marginal costdeaftrcity that are correlated to the
prices of fossil fuels over the past year. The agermonthly marginal cost is shown for
the Crucero substation for SING and Quillota fo€ Sl
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Figure 1-10: Marginal costs in SING and SIC in UDSI\Wh (CNE, 2008)



1.3Renewable energies in Chile
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Figure 1-11: Projected CO2 emissions by system (CNEOO08)

Projections suggest that the energy market and dtanson dioxide emissions will
increase. This is due to the limited amount of bydrsources available, the low cost of
using thermal power plants and barriers to entryeakwables such as limited data on
wind power, limited data on radiation produced Whofovoltaic electricity and scant
available information on thermal use of solar posegeothermal studies. . In addition
to this lack of information, the development ofsthenewable energy was not regulated
under Chilean law until 2004, when renewables werentioned explicitly in the
country’s legislation as Non-Conventional Renewdbiergies (Bergias Renovables
No ConvencionaleERNC). The term “non-conventional” was added ttiedentiate

large to small scale hydro projects at 20GW ofalhstl capacity.
According to Law No. 20,257, ERNC are:

 Forms of energy that use biomass as primary eneittper directly or as a
derivate bio fuel.

* Those that use hydraulic power as a primary soamcehave a maximum output
of 20GW.

* Those using geothermal energy as primary energy.



» Forms of energy that use solar power as primaryggne
* Those that use the energy of wind as primary energy
* Those that use the energy of the seas as primargyen

* Other determined by CNE.

Benefits for ERNC

» All of the electric energy generators, includingNER can sell their energy to
major consumers such as mines or distributors.

* ERNC plants with less than 9MW of installed capabiave the right to connect
to transmission lines.

* ERNC power plants can transmit their power freetarge if they have less than
9MW of installed capacity, or pay some of the trarssion costs if the installed
capacity is less than 20MW.

The country’s energy law also was changed in otdeincrease the participation of
ERNC in the generating matrix. The goal is foresdst 5% of the power generated to
come through ERNC in 2010 and for this number tvaase to 10% by 2024. This law
would force electricity companies with more thanORIW of installed capacity to
produce 5% of their energy using renewable sysieni2910 and to increase the use of
renewables in their production pool plants by 0.88h year. Those that fail to meet
these goals will be penalized 0.4 UTM/MWh, or apjmately 30US/MWh. This
modification is increasing the cost of energy beeathe generating companies are
transferring the cost to the consumers, and trer®miinvestment in renewable energy
(Galetovic, 2007). According td.ibertad y Desarrollo, 2008a conservative estimate
for 2025 suggests that 17TWh could be generateti vahewables in Chile in a
profitable manner. The question that one must askegard to this is at what point

renewable will become financially self-sufficientthe short term..



1.4Climate change
Introduction

The fourth assessment report (AR4) from the Inteegomental Panel on Climate
Change (IPCC) has confirmed that the global warnpraress is continuing. This is
reflected in global temperature increases, meladhgnow and ice reservoirs, rises in
average sea levels, and other developments (IPQ7)2As described in Figure 1-12,
the global surface temperature has increased bsodpmtely 1°C over the past 150
years and 0.7°C in the past 50 years. Eleven gbdse12 years were the warmest since
1850. The data on sea levels shows that they ereasing, and satellite information has
confirmed a decrease in snow and ice coverage.
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Figure 1-12: Consequences of climate change (IPC2007)

It is clear that global warming is progressing ahdt it is directly correlated to
greenhouse gas emissions (GHG). The atmospheregeotmtion of GHG such as GO



methane and nitrous oxide produced as a resultbf@ogenic activities increased by
70% between 1970 and 2004, with current valuesxaeeding pre-industrial levels.

This is mainly due to the sustained use of fossdld and human activities are the
principal cause of these emissions. Global warmsimffects can include changes to and
the destruction of ecosystems, increasing numbkecdiroate-related natural disasters,
and potential water and food shortages.
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Figure 1-13: GHG concentration (IPCC, 2007)

One way to stop climate change is to adopt sudiknenergy technologies. Energy
production is the main contributor to @émissions and this should be the main focus of

any efforts to ameliorate global warming.
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Source: UNFCCC.

* Based on Annex | data for 2003 (excluding Russia and
Poland); without Land Use, Land Use Change and Forestry, and
with Solvent Use included in Industrial Processes.

** The disaggregation for the energy sector excludes Turkey and
Russia.

Figure 1-14: GHG emissions by activity (IEA, 2006)



Effects of climate change

One of the main problems of global warming is tise of the sea levels that would force
millions of inhabitants of coastal cities to movdand. Changes in temperatures also

could affect life. Figure 1-15 shows the estimatrdperature change in each continent.

A
1900 1950 2000 1900 1950 2000 1900 1950 2000

Year Year Year
- models using only nalural forcings — ObServations

models using both natural and anthropogenic forcings

Figure 1-15: Temperature change (IPCC, 2007) (ATSE009)

This global change is thought to be primarily calubg anthropogenic emissions. It is

urgent that changes be made to halt this trend.



Power technologies and their emissions

Emissions from various power technologies are @tbin Figure 1-16. The left side
compares different types of technologies and tgbkt rside compares technologies that
emit lower amounts of carbon dioxide on a differenéle. The black bar stands for
emissions during operation and the grey bar rdtethe construction, dismantling and

other stages.
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Figure 1-16: CO, emissions from various generating technologies (ASE, 2009)

Figure 1-16 does not include concentrating solantsl Data on that type of plant is

presented in the table below.



Table 1-1: CO, Emissions reductions from CSP plants (The WesterGovernors’ Association’s Clean and

Diversified Energy, 2006)

Emissions Reduction by CSP Plants
Proxy Fossil Plant CSP Plant Capacity
Emissions Rate 100 MW 2,100 MW 4.000 MW
Pollutant (Ib/MBtu) (tons/year) (tons/year) (tons/year)
NO, 0.0060 7.4 156 297
CcO 0.0036 4.5 95 181
voC 0.0021 2.6 54 103
CO, 154 191,000 4,000,000 7,600,000

As can be seen in the Table 1-1 and Figure 1-16jmgdrom a fossil plant to a solar
one generates a significant reduction in ERNC dpniss

One of the conclusions reached at the InternatiSokdr Energy Society World
Congress 2009 in Johannesburg, South Africa (ISB8d/Congress 2009, 2009)was
that:

The global target of 100% renewable energies is htihinable and necessary by the
middle of the current century. This is motivatedgraunds of ecological, economic and
social sustainability.

Experts in this field agree that renewable energassupply the world’'s energy needs
with economic factors in mind.

1.5Solar energy
What is solar energy?

The earth has an elliptical orbit around the suhictv generates its energy by nuclear
fusion of hydrogen nuclei into helium. The averaggance between Earth and the sun
is 1,49510" m. An almost constant solar radiation per squagtencan be observed in
the outer part of the atmosphere and it is knowrs@ar constant with a value of
1,367W/nf.



_ Diam. =139 % 10° m

Diam. =1.27 x 10" m

Solar constant
Gge =1367Wim?

Distanca is = 1485 x 10" 'm £1.7%

Figure 1-17: Solar distance and radiation (Duffie &Beckman, 1980)

Due to the characteristics of the sun, the radiaggd has an energy distribution along

the wavelength of the light. Most of the energyiaget is in the visible and the near
infrared spectrum, as it can be seen in Figure. 108y a small part of the energy from

sunlight passes that through the atmosphere redlobdsarth due to scattering, energy
absorption and reflection in the atmosphere. Thewrndepends on how much air mass
the light has to travel through. This effect carsben in Figure 1-18.
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Figure 1-18: Earth received radiation (Boyle, 2004)



But is solar energy or even renewable energy ressuas a whole enough to provide
energy to the human race? Figure 1-19 presentgiutauggests that the solar resource

could meet the planet’'s demand for energy.

Solar Resource — energy needs

Figure 1-19: Renewable energy resources (Volker, liesath, Morin, & Varas, 2009)

Figure 1-20 shows the direct normal irradiatiort isathe power that reaches a surface.
In this case it refers to the number of light rdélyat reach a normal surface over the
course of one hour. Light can be decomposed frahajlinto direct and diffuse light.

Direct rays are those that only move from the suthe Earth. Diffuse rays have no
direction. Northern Chile has a high potential $miar energy due to the fact that its

radiation levels are higher than most other locettim the world.

Figure 1-20: DNI resource distribution (V6lker, Heinsath, Morin, & Varas, 2009)



Figure 1-21 shows the radiation on a horizontafaser for South America. It clearly

indicates that the northern part of Chile presémdest conditions in the region.
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Figure 1-21: DNI Global Horizontal Solar Radiation (SWERA)

Figure 1-22 shows the average energy per squaex thet is received daily. On the left
side is a map developed by Ortega et al, 2008 sotar data from the Solarimetric
Registry registered by Professor Sarmiento. Orritfig side, the same data is plotted
using an estimation done with satellites based 8mnazilian model. It can be seen that
the northern part of Chile has a good resource. ddrdral part of Chile is a good
location too for solar projects, comparing it wiipain or USA where several solar
project are commercially working. But how can weveat solar energy?
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Figure 1-22: Solar resource in Chile, left map fromProf. Sarmiento registry and right side by Ortegaet al

(Ortega, Escobar, & Colle, 2008)

Solar Energy Technologies

Solar power plants in regions with high solar rédialevels are a promising option for
electric energy supply that is compatible with tevironment, produces no GO
emissions during operation and dependencies nandemt on the availability of fossil

fuels.

There are several options for transforming solaliatéon into electricity. There are
various costs associated with these options, arth gaesents advantages and

disadvantages.



Photovoltaic

Photovoltaic cells are devices that convert lightoi electric current using the
photoelectric effect. Photovoltaic production hasiodoubling every 2 years, increasing
by an average of 48 percent each year since 200i2hvwnakes it the world’s fastest-
growing energy technology. At the end of 2008, glgthotovoltaic installations totaled
15,200 MW (PRLOG, 2009).

Figure 1-23: Photovoltaic cell

The table below shows the costs for 2006, 201 12820:

Table 1-2: Photovoltaic LCOE (Energy, 2006)

Current US| Target for | Target for
. | PV LCOE in PV LCOE in
Market Pricq 2011 2020
Range (cent/kWh) | (cent/kWh)
Residential |25-32 13-18 8-10
Commercial]18-22 9-10 6-8
Utility 15-22 10-15 5-7




Advantages of photovoltaic energy production:

* The electricity produced by solar cells is clead ailent (Nieuwlaar & Alsema,
1997).

» This technology is visually unobtrusive.
» It takes advantage of unused space on rooftops.

* A photovoltaic system can be sized to meet enexgyirements.

Disadvantages of photovoltaic energy production:

» Some toxic chemicals, such as cadmium and arsare, used in the
photovoltaic production process.
* This is a variable energy source, with intermittenergy production dependent

on the sun.

* Itis expensive to store the energy that is produce

Solar power tower

The solar tower system or central receiver consies field of heliostat mirrors with a
two axis tracking system that concentrates thé ligio a single receiver mounted at the
top of a tower.

In the central receiver, steam can be producedttirer an oil or salt can be heated and
transfer its heat to water in a heat exchangeeafankine cycle. The latter options are
more suitable for thermal storage than direct stganeration.



Figure 1-24: PS10 Central receiver

Another option is to compress air to heat it in teeiver and expand it in a Brayton
cycle.

The U.S. National Renewable Energy Laboratory (NREds estimated that electricity
could be produced from power towers for 5.5 ceetskpVh by 2020 (Sargent & Lundy
LLC Consulting Group, 2003).

Advantages:

* This approach is suitable for generating electricit deserts and sun-rich
wastelands.

* The energy produced is quite clean (Volker, Heimsslorin, & Varas, 2009).

* The energy can be stored in thermal storage systathdispatched later.

* There is no need for flat expanses of land (Volké&insath, Morin, & Varas,
2009).

Disadvantages:

» This type of system is not modular.
* ltrequires a large area (Volker, Heinsath, Moé&irvVaras, 2009).

* There is almost no commercial experience withtiype of energy production.



Solar chimney

Solar chimney systems consist of three parts:

» Thecollectoris used to produce hot air using the green-hotiseteThe soil is
heated so that it can act as thermal storage dargig.
 Wind turbinesare placed vertically in the chimney or horizolytain the
collector.
 The most important part of the plant is the chimnehichacts as a thermal
engine. It can be said that:
o The higher the chimney, the more energy produdgern@rdes, Vo3, &
Weinrebe, 2003)
o The efficiency of the chimney does not depend onv Hugh the

temperature rises but on the outside temperature.

Figure 1-25: Manzanares chimney prototype

Advantages:

* This technology is suitable for generating eledirién deserts and sun-rich
wastelands.

* It provides variable power 24 hours a day usingrsehergy alone (Bernardes,
Vol3, & Weinrebe, 2003).



* No fuel is needed.

* Itisreliable and a less prone to problems thaempower plants.
Disadvantages:

* The structure itself is massive and requires aoloengineering expertise and
materials to construct.

* There is no commercial experience with this techgwpl

Dish Stirling

Dish Stirling is composed of a circular parabolicror with a point focus and a Stirling
engine with a receiver in the focus point of thecwdar parabolic mirror. The
concentrator has a concentration ratio of 300 @@L, The mirror size is related to the
local radiation and the engine output. The dishrengnsemble is mounted on a two

axis tracking system. The systems may have fire#-ba to replace the solar resource.

Figure 1-26: Dish Stirling system (Plataforma Solade Almeria)

This system is generally 10 to 50 kW per unit, ehigeans that it is very modular and
can be used for distributed generation in a smatlver of concentrators or a large solar

power plant.



The advantages of this technology include:

* High versatility due to modularity

» High efficiency of the stirling engine (>=30%) (Sh& National Laboratories,
2004)

» |t can be hybridized with fuel back-up.

The disadvantages include:

* There are currently no commercial plants using it.

» ltis difficult to store energy.

Linear Fresnel

Linear Fresnel Reflectors focus solar energy usirsgries of essentially flat mirrors on
a stationary linear receiver (Ford, 2008). Thesgrars are mounted on a single axis

tracking system to concentrate light on the regeive

Figure 1-27: Receiver with secondary reflector an&resnel mirror (Ausra)

The receiver can have a secondary reflector toedser losses and augment solar

concentration.



Advantages of this technology:

» Researchers claim that it is less expensive thparabolic trough power plant
(Volker, Heinsath, Morin, & Varas, 200@nd Ford, 2008).

* It caninclude storage (Volker, Heinsath, MorinVé&ras, 2009).

* It is suitable for direct steam generation (VOlkeleinsath, Morin, & Varas,
2009).

» The receiver is stationary (Volker, Heinsath, Mpé&nvaras, 2009).

Disadvantages of this technology:

» Itis only being used in three commercial plantsl\{8 at Kimberlina CA USA,
1.4MW at Murcia, Spain and 1MW at Linddell Austeli(V6lker, Heinsath,
Morin, & Varas, 2009) andFord, 2008).

» It suffers more optical losses than a paraboliadio power plant (Volker,
Heinsath, Morin, & Varas, 2009).

Parabolic trough

A parabolic CSP plant has three main parts. Tits¢ i the solar field composed by
the collectors, the second (which is not neceskatwery useful and economically
profitable) is the thermal storage and the thirdhe power block is composed of a
generator and steam turbine assembly, pumping anling systems and a solar
boiler. The solar boiler may be assisted by a lfwdler during low radiation periods

or for night power production.



Solar Field Storage

Figure 1-28: Parabolic power plant(Solarmillennium)

This technology is bad on a parabolic shaped mirror that concentrategtieegy in &
line. Each mirrohas a glass covered receiver in which the heasfeeafiuid flows

Sun rays

N\

Receiver

7 Parabolic
mirror

Figure 1-29: Parabolic trough(Vdlker, Heinsath, Morin, & Varas, 2009)

The current state-dhe-art of HTFis the use of synthetic oil in the receiver. Thishas
a higher heat capacity than water, and can reanpasaturesup tc 400°C. This fluid
allows forthermal storage by exchanging heaan oil-tosalt heat exchangeThe salt

is used to produce the steam requfor the turbine.

Another promisingoption is the use of the storage salt directlyhia $olar field, \here
part of it can be directed to storage and remainderto the solar boiler. These s:
used are moltedueto the high temperature. Howevéngey also have relatively high
freezing temperature.The most commonlyused salt is a mixture of sodium &
potassium nitrate also known Solar Salt, whichhas a freezing point of around 22.

The newest and nsbpronising salt is a ternary salt called Hitec >which has a lower



liquid temperature close to 120°C (Gil, Medrano,rtdiell, Dolado, Zalba, & Lazaro,

2009). The best option for storage is Hitec XL.

Another option is to use water for direct steamegation in the collector (Eck, Zarza,
Eickhoff, Rheinlander, & Valenzuela, 2003). Thidiop has some disadvantages, such
as tube bending (Almanza, Lentz, & Gustavo, 198&)ocusing and glass breakage due
to thermal deformation. Furthermore, the heat gaedrthis way is more difficult to
store because of the high pressure and temperafutres fluid as compared to other
optionssuch as molten salt. One advantage oféblmblogy is that it does not use heat

exchangers, which increases its overall efficiency.

Regardless of the type of fluid used, most collectare placed in a north-south
orientation and track the solar altitude of the ¢Batnode, 2006and Price, et al.,
2002). Figure 1-30 shows the movement of the calisc

] BTN o Abengoa

Figure 1-30: Solar movement and tracking scheme (Admgoa Solar)

The receiver is located in the focal point of therom and has two main functions:
heating the fluid and avoiding heat losses. Thst fis achieved by using a selective
coating to absorb most of the energy that comes ftbe sun. The second is
accomplished with the aide of the glass cover aamiym inside it. The glass has high
transmittance and keeps air away from the innee taborder to avoid conduction and

convection losses from the tube. As a result, thlg beat losses are due to radiation.



Figure 1-31 presents a sample receiver with a gime&lope and inner tube with

selective coating.

Figure 1-31: Schott PTR 70 Receiver (Schott AG)

A specially developed structure must be designedntmint the mirrors. It must be

capable of withstanding wind and other weather ttarg. It also has to be stiff enough

for the mirror not to bend and lose focus.. An egbof this structure is shown in

Figure 1-32.
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Figure 1-32: Collector structure (Pilkington SolarInternational, 1996)

Currently, five such structures are commerciallgible. They present both similarities
and differences. The aperture width ranges frorm4al5.77m. Module length is almost

standard at around 12m and assembly length vames 100m to 150m. The focal

lengths of almost all of the models are 1.7m anétabefficiency is approximately 80%



for all of the models. The concentration factoctliates between 63 and 82 (Kearney D.
W., 2007).

A tracking system moves the parabola, structureraodiver in order to ensure that the
parabola continues to focus the light rays. Onéhefweak points of this system is the
articulated joint of the receiver with the headamsl between collectors. These pieces

have to withstand high temperatures, pressure awement without leaking.

Figure 1-33: Tracking system and Articulated joint

A common procedure in solar power plants is clegutie mirrors and receivers in order
to maximize the absorption in the receiver andectfbn in the mirror. This is done with
pressurized water or compressed air.

Figure 1-34: Mirror cleaning

Thermal storage is useful but not avaible in dhspower plants. Only one of the SEGS
and Andasol | plant has thermal storage. This systensists of two tanks, one for cold

molten salt and one for hot salt.



Figure 1-35: Thermal storage (Volker, Heinsath, Mom, & Varas, 2009)

Concentrating Solar Technologies Comparison

In conclusion, the parabolic trough is the mosteali@yed CSP technology, but it is
followed closely by Fresnel and Central Receivdre projected cost of electricity for

the three systems for 2020 is the same.

Table 1-3: Technologies concentrating ration, stagefficiency and cost (Vélker, Heinsath, Morin, & \aras,

2009)

© Novatec |

©OLR

© FVEE

C~70-90
commercial
Nann ~ 12%-14%

LEC 0~ 5et/kWh

C~60-120 |
demonstration
Nonn ~ 10%-12%

LECs00 ~ Sct/kWh|

C ~ 300 - 4000
commercial demo
Nann ~ 14%-18%

LECyu~ ?

C ~ 500 - 1000
commercial demo
Nann ~ 10%-15%

|LEC.520 ~ Sct/kWh

The Stirling dish option is under development ahédré is no projection for this
technology, but it has the advantage of easy higatidn, modularity and high
efficiency of the Stirling motor.

When the land requirement of each technology isidaened, the most efficient in is the

Fresnel trough and the most inefficient is the i@meceiver.
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Figure 1-36: Land use for a 100MW plant (Vélker, Hinsath, Morin, & Varas, 2009)

Weather and radiation data

The Atacama Desert in northern Chile is one oflibst regions in the world for solar
energy based on energy density data from seveuate® (Duffie and Beckman 2000,
Goswoami et al 2000). However, no reliable datavailable on the development of

solar power plants in Chile.

There are five sources of radiation data avail&ni€hile. The first is a book written by
Professor Sarmiento from the Universidad TécnicdeBeo Santa Maria, which has
radiation data for several locations in Chile adks information about the instruments

used to collect the data or any specification efwleather stations that produced it.

Another source is the Chilean Bureau of MeteoroldDyeccion Meteorologica de
Chile, DMC). The information on horizontal global radiatiprovided by the DMC for
Santiago was available for this thesis, but ontyaf@pecific location and for one year in

a format that was not user-friendly.

The third source is the data collected by the dgpers of the software Meteonorm,
which uses the data for the specific locationsiatetpolate for locations for which data
is not available. It can produce data in differmmats, such as typical meteorological
year two with hourly data.



The fourth source is an online tool from the CNEt i only shows hourly averages of
global horizontal radiation for four months and tinethod used to obtain the data is

unclear.

Finally there is a paper containing data basedabellée technology (Ortega, Escobar,
& Colle, 2008), but the output is based on a s&tethodel validated for the weather in

Brazil, not Chile.

In conclusion, there is a lack of weather and tashadata for Chile. Efforts are being

made to improve this situation. For now, the alddadata is good enough for an initial

estimate and evaluation solar plant technology,thstnot enough to be used in a solar
power project. Additional information should be abtd using the proper instruments
over the course of at least a few years in ordassess in the variability of the radiation
and properly design the plant.

1.6 Chapter Summary

As we have seen in this chapter, Chile’s energyirmitbased mostly in fossil fuels that
depend on international resources. These fuelaféeeting the climate of the earth. In
order to stop these climate changes and reducendepee on foreign fuels, renewable
sources of energy must be discovered. Solar respare particularly abundant in Chile,
and could replace part of the fossil-generatedtiédéty in the country, diminishing its
dependence on imported oil. The most highly dewdofechnology is the parabolic
trough, which has projected prices of around US#%0h in 2020 (Abengoa Solar).
There is thus a need to study different configoratiof this type of plant.



2. THESIS OBJECTIVES
2.1Current Knowledge in the Field

Parabolic troughs are the most promising technolagfis area. This is duein part to
the the experience gained with SEGS plants. Thaeni@ogy is well-known and has
been studied thoroughly and proven to work. Thowgher solar concentrating
configurations have been studied and are promisptgns for the future, the parabolic
dish represents a modular technology for distritbue@ergy production. Towers and
Fresnel, which compete with the solar trough, Wwécome more competitive as more
power plants are installed (Mills, 2004Klaiss, Kohne, Nitsch, & Sprengel, 198&d
Trieb, Langniss, & Klaiss, 19997). One problem wstiar energy is that production is
intermittent and dependent on the weather, butcisbe uncoupled by applying energy

storage so that the plants can collect now andyoethter.

There are currently two types of storage. The fwsd more common of the two is
indirect storage. In this type of system, heatasdferred from oil to a molten salt in an
oil-to-salt heat exchanger that is stored in anlated tank. This option has been proven
and reliable. (Kelly & Kearney, 2006). The secowkt involves passing the molten salt
directly into the heat collecting element and stgnpart of the flow in tanks. This option
is less expensive due to the absence of one heharger, which reduces the cost of
electricity (Kearney D. , et al., 200@&nd Herrmann, Kelly, & Price, Two-tank molten
salt storage for parabolic trough solar power @aR004). Other types of storage, such
as latent heat and chemical storage are in deveopand represent future options but
are not real options for today’'s plants (PilkingtSolar International GmbH, 2000).
Other revolutionary options include superconductimgaterials, flywheels and
compressed air. However, they have not yet beevepron a large scale and must be
further developed (Carvallo, 2001). All plant typae expensive due to the unusual
elements they require, so simulation is a low-agton for studying behavior before

moving ahead with constructionP@atnode, 200$. The same is true of simulations of



the SEGS plant in TRANSYS software and EES softw@le model was a complex
one in that it include every part of the plant,lintng expansion vessels, a turbine with
different extractions and inlets, deaereators andrs The results were similar to real
behavior, and it thus can be said that plant benasan be simulated by a computer

using real weather data.

Is solar energy an interesting option for limiticigmate change? Is it really a source of
energy? Larrain, 2008, studied solar plants from a net energy analysistmf view in

order to evaluate whether or not this technologg it source. The author concluded
that solar plants have a short energy payback tame, are not energy sinks. This
research covered plants in different locations ileCand proved that solar power plants

are sources of energy in Chile.

It is not enough for technology to be a green.l$bahas to be profitable so that
companies can invest in solar-generated electricQuaschning, Kistner, & Ortmanns,
2002 made an important contribution in this area byimg to evaluate the solar field.
However, their study only covers a SEGS plant amdder range of plant types exists.
Their study was limited to how LEC varies with saar field area for one type of plant

at one site.

Net energy analysis demonstrated that solar pketenergy sources. Based on the fact,
Chile is a solar-rich country and it is interestiogstudy and develop models in order to
understand how the solar field size affects thé abslectricity for different locations in
Chile and observe how different types of plantsavehin different climates in the

country.

2.20bjectives

The aim of this thesis is to analyze thermally awbnomically different parabolic
trough concentrator technologies in different paftshe central and northern zones of

Chile in which weather and radiation data are aWdd in order to support the decision-



making process regarding the installation of sal@rmal plants in Chile. Specific
targets will be selected to develop a thermal medeahat researchers can quantify how
much electricity can be produced annually, montldgly and hourly using solar
resources or with fossil back-up. The second oljeads to estimate the most important
economic factors for each plant type and locatismch as levelized sale price of
electricity (LEC), present value and IRR.

2.3Hypothesis

The hypothesis of this study is that an economd thermodynamic model may assist

specialists select the most suitable technologyfiatitiarea for each location.

2.4Methodology

The analysis considers five 100 MW solar thermahpimodels with parabolic trough
concentrators. The differences between the modellated to the type of thermal
storage used (direct, indirect or none) and whetinemot they have a fossil back-up
system. These plants will be modeled at severaitimes in northern and central Chile.
The results of these simulations are the inputsnaéconomic model that is to be used to
obtain the present value of the projects, the mimmsale price of electricity for a
project's net present value equal to zero, thaliatbn cost and the internal rate of
return the project. The thermal models for thedfiedtorage and cycle are programmed
into the software Maple 11 with inputs from EEStaafe and input parameters and
outputs in MS Excel format for later use in the remmic model in MS Excel 2007

software.



3. THERMODYNAMIC MODEL
3.1Introduction

The purpose of this chapter is to describe alhefrmodels, so they can be reproduced.
We first offer a description of each model and tdescribe all of the components and

assumptions.

It is well known that many options are availabl&R@EL and Voélker, Heinsath, Morin,
& Varas, 2009), such as direct steam productiothéncollector, storage systems, fossil
back-up and other configurations options. The feilg system configurations are
modeled and explained in this chapter:

Direct power production

A heat transfer fluid passes through the heat cwlis and then through a heat
exchanger where water is evaporated and overhea@hed. superheated steam is then
injected into a turbine with one reheating, whicloves a generator and produces
electric power.

Condenser
e

Steam Turbine

— = e =

Salar Field

Figure 3-1: Direct power production (Kearney, et al, 2003)



Indirect storage with fossil back-up

The fluid in the collector circuit heats a secondfuid used for thermal storage. This
secondary fluid passes its energy to the water flowrder to produce steam for the

reheating rankine cycle. Steam can be producedfassal-fired boiler when no fluid is

available.

—

Solar Field

Steam Turbine

Condenser

b

2onk Salf Storage:

— Steam
Generator
Solar
Praheater

Figure 3-2: Indirect storage with back-up (Kearney,et al., 2003)

Indirect storage without back-up

The fluid in the collector circuit heats a seconydiduid that is used for thermal storage.
This secondary fluid passes its energy to the whierin order to produce steam for the

rankine cycle with one reheat.
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Figure 3-3 : Indirect storage without back-up (Keaney, et al., 2003)

Direct storage with fossil back-up

The fluid in the collector circuit is the same Huiised for thermal storage. This fluid
passes its energy to the water flow in order talpce steam for the turbine with one
reheat. Steam can be produced in a fossil-firetebwihen no fluid is available in the
storage compartment.
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Figure 3-4: Direct storage with back-up (Kearney, ®al., 2003)




Direct storage with fossil back-up

The fluid in the collector circuit is the same fluised for thermal storage. This fluid passes

its energy to the water flow in order to produ@ast for the rankine cycle with one reheat.

Figure 3-5: Direct storage with back-up (Kearney, tal., 2003)

This set of configurations covers most of the pgassiconfigurations for parabolic

trough solar power plants.

3.2Common information

Weather and radiation data:

The data comes from Meteonorm software in “Typibédteorological Year 2” or

“*.tmy” format.

All of the information is organized into four maselumns. One is used for the day, the
second for the hour corresponding to the datathine for the direct normal irradiation
measured in watts per hour per square meter amthfa for the ambient dry bulb
temperature in degrees Celsius. An example with ftathours 1 to 15 on January 1 in

Antofagasta is shown in Table 3-1.



Table 3-1: Weather data table

PP P P LS
o ,‘3 f g g f Dry Bulb Temperature [°C]

olo|o|o|o|o|o|Pirect normal Radiation[Wh/m”2]

~|a]a]ala]a|~|Pa
~|o|on| & e |rs | [Hour

19.2

Figure 3-6 presents radiation characteristics mia@a for a period of one day .
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Figure 3-6: Radiation data for Calama for one day

Figure 3-7 shows radiation characteristics for atihan Calama and Figure 3-8 presents

the average monthly radiation for a year in Calama.
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Figure 3-7: Radiation data for Calama in January
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Figure 3-8: Average monthly radiation data for Calana for a year

Real data in smaller time intervals are not avé#laBor smaller steps in simulations,
interpolation in the data can be used. However ther purposes of this thesis, hourly
data is small enough given that it allows the dathe computed quickly and provides
relatively accurate results.

Water Properties

The water properties for liquid water, saturatedewvand overheated steam come from
from Engineering Equation Solver (EES) softwaréat tcontains tables for water and

steam. These values should not vary a great dmal dne source to the next.
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Figure 3-9: Water diagram from EES software

Hitec XL properties

Based onKearney D. , et al., 2003and Gil, Medrano, Martorell, Dolado, Zalba, &
Lazaro, 2009 the selected heat transfer fluid is Hitec XL hessaof its low freezing
point compared to other salts and low vapor presatihigh temperatures compared to
oils such as Therminol VP1 and Dowtherm (Kearney, Bt al., 2003). No tables or

correlations for the heat capacity related to #maperature were found for this fluid.

The specific heat for Hitec XL, Chiec x, Was assumed to be 1.4% at all

temperatures above freezing.

Therminol VP1 properties

The heat transfer fluid plays no major role in geformance of the HCE (Forristall,
2003). In view of this, Therminol VP1 was choseonirother similar products because
it is the most frequently used HTF in solar fieldfie data for this heat transfer fluid
was obtained directly from the manufacturer's wejgpd he product bulletin with liquid

and vapor properties can be downloaded from theufaaturer’s website (Therminol).



The following correlation for the specific heat, el was taken from the bulletin, was
used:

Cpvpr = 0.002414-T +5.9591-107%-T? —2.9879-1078 - T3 + 4.4172 -

_ k
10-11. T4 4 1.498kg—’K (3-1)
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Figure 3-10: Therminol VP1 heat capacity vs. Tempetture

Heat exchangers models

The heat exchangers were modeled as counter-flovaegers with a certain efficiency
given by nuxi. SO lyux IS the heat lost to the environment. The requioedet
temperatures are given, so the model output isdkek fluid mass flow. The efficiency
of the heat exchanger was set@at=95%.

Cp cotd Frow * (Tcotd Flow out — T cotd Flow 1) = Maxi * Cp Hot Fiow * (Tcold Flow In —
THot Flow Out kfkghk
(3-2)

Steam production

A solar boiler produces steam at 66 bar and 38%/&ter is introduced in HX as liquid
water at 125°C and 66 bar. The heat added for kg water in this step is calculated

as follows:

— o kJ
qsaturated Liquid = (TWater Saturaton, 66bar — 125 C) ’ Cp Liquid Water E (3'3)



Where G Liquid waterS 4.18 kl;—]K. Next, water is taken from the liquid saturateatesto that

of saturated steam.The evaporation enthajpisfequal to 1531%. SO Gaturated Steami¥g-
The heat necessary to overheat steam is calcuiatied

_ kJ
qoverheat Steam = hSteam 66bar 385°C — hSaturated Steam 66bar E (3'4)

Finally, we calculate the heat necessary to retheasteam:

kJ

o (3-5)

qReheat Steam = hSteam 15.89bar 385°C — hSaturated Steam 15.89bar
As a result, the heat added per kg of water is:

qsteam Production — 9Saturated Liquid+ Qsaturated Steam+Y90verheat Steam+qReheat Steam

(3-6)
Solar field model

Inputs:

. Aperture area measured in square meters: 1.40m@00This aperture was
calculated based on the SEGS (no storage) area@hwidave an average of
6,150n7% per installed MW of aperture. This was multiplied 2 to account for
storage, and multiplied by the relationship betwedwe yearly DNI in
Antofagasta (~1.8MWh/f and Kramer Junction (~2.1 MWhfjn

« Collector Aperture in meters: 5.75 m., aperturetha LS-3 structure (Patnode,
2006).

- DNIin kd/hrnf: This was taken from radiation data.

« Ambient tin Celsius degrees: This was taken frodiatson data.



+ Heat capacity, inlet temperature and desired ou#etperature of the heat
transfer fluid.
+ Site latitude.

« Heat transfer fluids temperatures and heat capaciti
Output:
« Heat transfer fluid mass flow per hour

Energy absorption mod¢Duffie & Beckman, 1980):

k
Qabsorbea = DNI - COS(e) *NMirror " MHCE m:_mz (3'7)

Where:

*  Qabsorbed €NErgy absorbed in a square meter per hour

» DNI: direct normal irradiance

*  Twirror: Optical efficiency of the mirror
NMMiror=90%

* mnuce optical efficiency of the heat collecting elem@dCE)

NHce=90%
The combined optical efficiency is 81%, which matshhe efficiency level of
most mirror-HCE systems (Price, et al., 2002).

» Cos(@): correction due to the angle of incidence on emsouth axis tracking
surface. In order to calculate c@¥( the following equation system must be
solved for every hour:

Declination,§ (Duffie & Beckman, 1980): the angular positiontieé sun at solar

noon with respect to the equator plane where nsmlositive (Cooper equation).

(3-8)

8 = 23.45° - sin (284“””)

365



Hour Angle,w (Duffie & Beckman, 1980): the angular displacemehthe sun

east or west of the local meridian due to rotatibthe earth on its axis at 1per

hour. (AM negative)

w=15°- (T —12) (3-9)

Zenith Angle,6, (Duffie & Beckman, 1980): angle between the vait@nd the

line to the sun.

0, =

cos 1(cos (0) - cos(Latitudeg;,) - cos( w) + sin(0) - sin(Latitudeg;.))
(3-10)

Angle of incidencep (Duffie & Beckman, 1980): the angle between tharbe

radiation on a surface and the normal to the sarfac

cos(0) = /(cos(03)2 + cos(8)? - sin (w)>? (3-11)

Heat losses in the HCE

The research published by Sandia National Labaestavith DLR and NREL yielded a
correlation for heat losses in the HCE, specific&thott PTR 70 and others (Sandia

National Laboratories, 2007). The following equatwas used in the program:

Quosses = 0.39 - AT +1.21-1078 - AT* = (3-12)
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Figure 3-11: Heat losses vs. temperature differen¢@herminol)



The solar field is characterized by area. An apertid 5.75m was chosen to obtain the
tube length and the losses in the solar field. ddpgation below is solved for every hour
in order to obtain the heat transfer fluid (HTFQwWl needed for the presented output

temperature:

(Qabsorbed - QLosses) "Areagicq = (Cp HTF(Tout) "Tow — Cp HTF(Tin) ' Tin) )

mpyrg (3-13)

Power block

The power block receives the steam from the heettanger. A fixed condition for the
turbine outlet and efficiency is given to this canpnt and the electric energy output is
calculated based on this data. The turbine exptdra$low from 66 bar to 15.89 bar,
andthe steam flow is reheated to 385°C for a sestagk that ends at two bar saturated

steam. Both expansions have an entropic efficief®b%.

E out Power Block = NTurbine " WMechanic to Electric - Msteam [(hSteam 66 bar 385°C —

hSaturated Steaml15899 bar+hSteam 1589 bar 385°C—ihSaturated
Steaml.65 bar (3-14)
The enthalpy with the entropic efficiency was cédoed using equation below:

__hys—hy
NTurbine = ho—h 3'15)
2—hy

Wherentumine 1S €qual to 95% and represents the entropic eff@y, Nvechanic to ElectridS
equal to 93%. The enthalpies in the different stame hs which correspond to the
enthalpy at the outlet of the turbing; hwhich is the enthalpy at the inlet of the turbine

and b, which is the isentropic enthalpy at the outlet.

Figure 3-12 shows the diagram of the rankine cycle.
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Figure 3-12: Rankine cycle T-s for water

Storage tanks

Thermal energy storage (TES) is performed in twddecalled Cold Tank (CT) and Hot
Tank (HT). The fluid temperature in CT is coldearhthat of HT. Both tanks have one
inlet and one outlet and are modeled as perfestijaied from their surroundings so that
there are no heat losses and the temperature dfuidein the tanks is constant and
uniform in time. (This was assumed after an in@mwivith Mr. Camilo Varas, Project
Manager and Solar Thermal Expert in the Renewahierdtes Department at

Lahmeyer).

Another source of this assumption is Figure 3-18ictv shows the cooling curve for the
cold tank of the Solar Two tower plant. A loss 8P2 in 6 weeks can be neglected. A

mass equilibrium equation is developed for eack tanevery hour.
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Figure 3-13: Cooling curve of cold storage tank dung standby over a period of 6 weeks (Herrmann, Kéf, &

Price, 2004)

The mass equations are different for the models ared explicit in each model
description. The initial amount of HTF in the tarksits the storage capacity of the
plant. For the simulations, stored energy has #padity to produce electricity for 12

hours. The total mass of Hitec XL was calculatethwiext equation:

. .m y
mTES — dSteam Prodcution Msteam (3'16)
(Mux2'A1°Cp Hitec XL)

Initially, half of the mass is stored in each talilall of the salt is hot and stored in the
HT, the plant can produce 12 hours 100MW of eleityti Given that a temperature
other than indirect TES was assumed in direct gigrénere are two initial masses in the
storage tanks, one for each model. The initial mass tank for direct TES is
6.26512988.0 kg. For indirect TES it is 6.40001726" kg.

The other constraint for the storage capacityésstblar field area and its relation to the
power block. An indicator of the storage capadityhie solar multiple that is defined as
the ratio between the thermal power produced byt field and the thermal power
required by the power block at the design pointiikds, Abanades, Martinez, & Valdés,
2009).



Back-up

Back-up is not available in every model. It is aiaton made to the models with TES.
Having fossil back-up improves the availability argdiability of the plant and should

lower the cost of electricity to said plant.

If the power plant has a back-up system, the headyzced by the hot tank can be
provided in a parallel fossil fired boiler. This ames that the steam is evaporated in the
solar-water heat exchanger or in the fossil-firedds. No efficiency is measured here.
The only output of this module is the heat addetheowater flow. More specifically,
the output is the heat amount that was not addedheyHTF. It follows the next

equations:

Qgu = Qsteam Production — @solar (3'17)

Where Qy is the heat added in the boiler, in k& &h productiodS the amount of heat that
has to be added to take liquid water at 66 bavesheated steam at the same pressure
and 385°C and the saturated steam at 15.89 baeamsat 385°C and 15.89 bar in kJ
and Qo is the heat added by the HTF including efficieadrekd.

Condenser

The condenser is not modeled. The water inlet ptigseof the steam production

process are assumed to be constant and a design inp

Pumps

Pumps are not modeled either. The pressure ofitfezesht flows is set as input when
necessary. Parasitic consumption is accountednfeing economic evaluation, but not

for the thermal part. Only the gross electricityput is studied for that section.



Simulation

The simulation was carried out in Maple 11 with -droair steps for a period of one year.

The algorithm followed for each hour in direct puation is:

e

Estimates heat gain and losses in the solar field
Obtains heat transfer fluid mass flow in the sélkeld
Computes the steam production in the HX

Obtains the power output of the cycle

The algorithm for indirect TES for each hour is:

1.
2
3
4,
5
6

Estimates gain and losses in the solar field

. Obtains heat transfer fluid mass flow in the sfikld
. Computes the mass of Hitec that is heated in the HX

Obtains the mass fluctuations in the hot and cahdtg

. Calculates the steam production in the HX2

. Obtains the power output of the cycle

For every hour for direct TES:

o~ 0 Db PRF

Estimates gain and losses in the solar field
Obtains heat transfer fluid mass flow in the sélkld
Obtains the mass fluctuations in the hot and cah#tg
Calculates the steam production in the HX

Obtains the power output of the cycle back-up

The extra energy needed for systems with back-gpl@ilated in the steam production

step.



3.3Models

Direct power production

« CNI Kz
+ ambient Temperature “i

« HTF desired exit temperature °C

« HTF mass flow per hour
#T=205°C

s Zounter flows efficiency

» Desired Sleam Temperalure and Fressure

Solar Field

HX

siZollector Area

«Zollector Aperture

Mirror)

«prical efficiencies (HZ

“T=150°C

Output

+ Steam mass flove
fT=2825
sP=iihar
*Feheating 225°C

Power
Block

*T=Tsat(Zbar)°C

*P=cchar

« Powser per hour

« Steam flows

* HTF flows

+ Losses in Zolar field

The heat is collected and transported by the heatsfer fluid (HTF) to a heat
exchanger. The water that comes from the coolirgiesy is heated, evaporated and
super-heated in the HX. That high temperature aedspred steam is injected into a
steam turbine attached to a generator where egotrver is produced. The mass of
HTF per hour is directly proportional to the saoladiation. Steam production will vary
depending on the HTF flow. Peak electric powerlas& to solar noon and there is no

possibility of controlling the power to a certaiavel or following the demand for

electricity.

Therminol VP1 is assumed as HTF. It has a maximemperature of 400°C because of

its high vapor pressure at high temperatures. Ti@emcy of the turbine is assumed to

Figure 3-14: Information flow for direct power prod uction

be independent from the amount of mass flowingughait.




Indirect TES with back-up

*HTF desired exit temperature °C
*DNI KJ/m2 « Counter flow efficiency

* Ambient Temperature °C * Steam mass flow

*Energy from solar *P=66bar
*Energy from fossil *Reheating 385°C
*Solar Fraction

*T=385°C
«Collector Area Power
Solar Field | *Collector Aperture HX2
« Optical efficiencies (HCE & - Block
Mirror) *T=Tsat(2bar)°C
*P=66bar
*HTF * HTF2 mass flow per *Required HTF2 mass flow per
mass flow _~nce, Hour from storage
*T=205°C hour from storage
per hour *T=390 °C «T=200°C
*T=395°C
*HTF2 mass flow per hour
+T=390 °C
Two Tank
HX1
Storage
*T=200 °C
* Cold Tank level
* Hot Tank level
« Counter flow efficiency
*HTF2 set Temperature °C
*HTF1 & HTF2 Set Temperature «Solar Fraction
infout. *Hot Tank Level

Output *Cold Tank Level
*HTF & HTF2 mass flow
* Losses in Solar field

Figure 3-15: Information flow for indirect TES with back-up

According to Figure 3-15, the heat is collected &radsported by the heat transfer fluid
(HTF) to a heat exchanger HX1. Heat is transfefreth the first fluid to the second
heat transfer fluid (HTF2) in HX1. HTF2 is storadthe Cold Tank (CT). After HTF2
removes the energy from HTF in HX1, it is colleciach second storage tank. Fluid is
hotter in this tank than in CT, so it is called tHet Tank (HT). The mass of HTF per
hour is proportional to the solar radiation. As thdiation changes, the amount of HTF
heated in the solar field for every period of ticteanges, as well. HTF2 flow in HX1
will vary directly with HTF flow. The variability bthe HTF2 flow is buffered in the Hot
Tank. The flow from HT to HX2 will be constant. Wiever hot HTF2 available is, a
constant mass of water can be evaporated in HX2irgrdted to the steam turbine.

When there is not enough HTF2, a secondary fogsi-boiler can be used. This power



plant produces power at a constant rate due ttattehat it has storage and fossil back-

up.

It was assumed that Therminol VP1 is used as HTé€hise it is the most frequently
used solar field oil. It has a maximum temperatfrd00°C because it has high vapor
pressure at high temperatures. Hitec XL is usedH@&2 for storage and steam
production because of its relatively low freeziegperature and low steam pressure at

high temperatures. Storage tanks are at atmosptressure.

Specific equations apply to this model. Those disgtelow are mass equilibriums in the

storage tanks for the hot tank:

myr(t + 1) = myr(t) + Migrrz from ax1(t) — Myrr2 to Hx2 (L) (3-18)
The following is used for the cold tank:

mer(t + 1) = mep(t) — Myrrz o ux1(t) + Murr2 from Hx2 (L) (3-19)

The initial conditions are that there are 64,008,& kilograms of heat fluid in cold and

hot tanks and the power plant is working with theemd fossil back-up if necessary.



Indirect TES without back-up

« Counter flow efficiency
*Steam mass flow.
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*P=66bar
*Reheating 385°C
*Collector Area Power
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Figure 3-16: Information flow for indirect TES with out back-up

This case is similar to Indirect TES with back-lip.only difference is the absence of
the fossil-fired boiler, which means that electyiggroduction cannot take place when no

hot solar salt is available.



Direct TES with back-up
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Figure 3-17: Information flow for direct TES with b ack-up

The heat is collected and transported by the maasfer fluid (HTF). HTF comes from
the Cold Tank (CT). After HTF passes through théectors, it is stored in the Hot
Tank (HT). The mass flow rate of HTF per hour isedily proportional to the solar
radiation. The variation in the flow of HTF is beféd in the Hot Tank. The HTF flow
from HT to HX is constant; when hot HTF is avaikabh constant mass of water can be
evaporated in HX and injected into the steam twbih there is not enough HTF, a
secondary fossil-fired boiler is used. Due to tkistence of the storage and fossil back-

up systems, this plant can produce electricity @restant rate.

As in indirect TES cases, Hitec XL is chosen asagfe fluid because of its relatively

low freezing temperature and very low steam pressirhigh temperatures. Storage



tanks are at atmospheric pressure. For this magecific equations for the mass

equilibrium in the storage tanks apply. The equeifor the hot tank are:
myr(t + 1) = myr(t) + Myrr from sotar Fietd(t) — MuyrF to ux (L) (3-20)
The following applies to the cold tank:

mer(t + 1) = mer(t) — Myrr to sotar Fieta(t) + Myrp o px(t) (3-21)

For the initial conditions, there are 62, 651,29818grams of heat fluid in the cold and

hot tanks and the power plant is working with theemd fossil back-up if necessary.

Direct TES without back-up.
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Figure 3-18: Information flow for direct TES without back-up



This case is similar to Direct TES with back-up.eTdnly difference is the absence of
the fossil-fired boiler, which means that power caration is not feasible when no hot

solar salt is available.

3.4Chapter Summary

This chapter presented explanations of the difterandels and described how the

information flows from one module to the next.

All the information required to reproduce the modetl results were presented. Models
go in hourly steps, which introduces some errord a@nprecision, but it makes
simulation relatively speedy. This makes it eakiarompare the various options such as

location, storage capacity and solar field size.

The purpose of the thesis is to serve as a goddiment for making decisions in regard
to solar power projects. It is not intended to soéwvery aspect of a solar plant. The

models have been developed with this in mind.

There are three main models, two with thermal g@@nd one that produces electricity

directly.
The main features of the models are as follows:

» They have 1,400,000 square meters of collectors.

* The turbine for the models with TES is a 100MW ineb
» The direct production model has a variable outptiine.
» Storage is done using Hitec XL.

* No back-up case is a modification of the model \oitick-up



Principal differences between models:

Table 3-2: Differences between models

Solar Field| CT/HT Solar Powe
Inlet/Outlet Temperature °C| Field/Storage
Temperature °C Fluid

Direct 150/39¢ -/- Therminol VP1- | Variable

Production

Indirect TES 205/39¢ 200/39( Therminol 100MW

VP1/Hitec XL
Direct TES 200/39! 200/39! Hitec XL 100MW




4. SIMULATION RESULTS
4 .1 Introduction

The methodology and model assumptions explaine€hapter 3 are tested in this
section. Chapter 4 presents the most importantltsessuch as solar fraction and

electricity generated.

First, complete results are shown for all of thedele with the radiation data from

Antofagasta. Next, we compare the models in twerosites (Santiago and Calama).

The first results are organized by model, and tifferination is mostly presented in

graphs in order to provide the reader with a befiral understanding of them.

Several representative days are shown for eachlntglecifically, six consecutive days
are presented for summer, autumn and winter (sbeathisphere seasons) in order to

show the most typical behavior during those seastms dates are listed below:

e January 6-11
e April 2-7
e June 1-6

The tank levels (if available) and energy delivelbgdsolar and fossil fuel are given for
each period. Given that the information for sprisgimilar to that provided for fall and

does not add any new data, it will be omitted here.

It is important to keep in mind that the simulagare one-hour intervals for three cities.
Antofagasta is located at 23°26’S 70°26'W with garage altitude of 120m above sea

level.

Calama is located at 22°30’'S 68°54'W with an averaljitude of 2312m above sea
level. Santiago is located at 22°30’S 70°47°'W vdthaverage altitude of 474m above

sea level. The plants are theoretical plants thataaailable all year long with no



maintenance periods. This is a hard assumptionntielaance of the solar field can be
done at night and the power block can be maintathathg cloudy periods (mainly

winter).

4.2 Results for direct energy production in Antofagasta
Typical days by season

Six days from each season are shown for the ddresatgy production model. The results
for the hourly fluid mass flows for water and hé&ainsfer fluid are given. The energy
output of the plant is presented in kJ per hounaly, the heat absorption and losses in
the heat pipes are given in units of KJfper hour. The only results for this model are

shown in this section and the idea is to compagediults for the different seasons for

this model.
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Figure 4-1: HTF flow in direct production

The flow for autumn was similar to that of summleut much less flow is required
during the winter months. If we compare Figure #ith Figure 4-2, we observe a
difference of the order of 10 times between theslasv of water and VP1. This is due

to the fact that water is much more capable ofrsgjoheat than Therminol VP1.
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Figure 4-2: Steam flow in direct production

The delivered energy varies directly with radiatidime energy injected into the grid
cannot be forecasted as in the case for TES, wheaa certainly produce 100 MW for
a period of time with a given level of stored fluidigh peaks appear in summer and

autumn, but there is less energy available to tliedyring the winter.
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Figure 4-3: Electric energy for direct production

The energy absorbed is proportional to solar ramhail his heat is removed by the HTF,
so the greater the amount of heat absorbed, thehtge mass flow through the pipes.

Similar absorption rates per square meter are véddor summer and autumn.
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Figure 4-4: Absorbed energy in solar field for diret production

Heat losses in the collector assembly reach a.lifliat limit, which is close to flat part

of the curve shown in Figure 4-5, is due to thet that the temperature difference
remains almost constant during that time. Equa3dr3 shows that the losses vary only
with the temperature difference between the liquid the atmospheric temperature. As

a result, when that temperature difference is @msheat losses are also constant.
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Figure 4-5: Lost energy in solar field for direct poduction

Losses vary along with the temperature differenegvben the environment and the
fluid, but that difference does not vary much freeason to season. The losses per

square meter are almost the same for clear skytaysghout the year.



Yearly results

The solar electricity delivered in one year is 388, MWh, with Qpsequal to 3.89
GJ/nf per year and @sequivalent to 0.39 GJ/nper year.

Monthly results

0 - M Electric Energy
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Figure 4-6: Monthly delivered electric energy

December is the highest powered month. There isflargy production between May

and July. During that period, the plant produces ldhan half the energy produced in
December.
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Figure 4-7: Gain and losses in solar field per mohtfor direct production

Losses per month are similar for every month, bugogption for the best month
(December) is more than two times greater thath@morst (July).
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Figure 4-8: Hourly average electric energy in diretproduction model per month

Average electric power is calculated as the tatabunt of energy produced divided by

the hours in the month. This is done by normalizmgenergy produced each month.
The best month in energy terms is December, and/dingt is July.

4.3Results for indirect storage with fossil back-up inAntofagasta
Typical days by season

Six days for each season are shown for the indifE& model with a back-up system.
The results for the hourly fluid mass flows for hgansfer fluid are presented in Figure

4-9 and the storage media is given in Figure 471@& data suggest that the flows are

proportional.
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Figure 4-9: VP1 flow in solar field for indirect TES
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Figure 4-10: Hitec XL flow in the VP1-Hitec heat exhanger

Steam mass flow rate is constant at 476,000 kilngraer hour because of the fossil
back-up, producing 100MW at all times. Hitec hdsveer heat capacity than Therminol
VP1, which is compensated by additional Hitec m#ew. In terms of seasonal
variation, summer and autumn look similar and wirsteows a smaller flow for every

fluid except for steam which, as we said, is camista

The storage fluid in both tanks is important anchsasured in kg of salt for each tank.
The stored fluid in CT can be observed in FigurEl4and data for the HT are presented
in Figure 4-12. Use of the HT is higher in sumntert in autumn and winter.
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Figure 4-11: Hot tank level for indirect storage

The quantity of stored fluid in both tanks variagidg the day. The HT is filled up

during high radiation periods and emptied duringqus in which there is little or no



radiation. Hot tank capacity is well-designed fammsner days for uninterrupted salt
supply. However, it could be more profitable to éd@asmaller capacity with breaks. An

economic evaluation should be made so that a d@ctsin be made in this regard.
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Figure 4-12: Cold tank level for indirect storage

The cold tank is almost full at all the times dgrihe winter.

Figure 4-13 shows that solar electricity meets almt6% of the demand during the
summer months. The other 54% is produced with hgckurning fossil fuel. There are
long periods of solar electric production during sBummer, and during the fall, 32 % of
the power is produced with solar energy. The remgif8% is produced with back-up
running on fossil fuel. Only 23% of the power i®g@uced with solar energy during the

winter. The remaining 77% has to be produced vhighidack-up system running on fuel.
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Figure 4-13: Solar fraction for indirect TES



Yearly results

The results for this section aregQequal to 3.89 and & equals 0.48 GJ/frper year.
Losses per square meter per year are less thas), gaiwe have a positive result.

Thermal energy from solar power is 4B1*MJ and 7.95.0'> MJ from fossil fuel, so

most of the production is based on fossil fuels.

Electric Energy Delivered: 100MW all year. 876.080/Nh, where 35% of it is
produced with solar power.

Monthly results

In Figure 4-14, the green bars show the constasriggrproduction that is available only

because there is a back-up system.

The red bar indicates that we have more power abgddel during the winter months.

The blue bar shows the same information for timemsar season.

Billions kJ

H Thermal Energy from
Solar

B Thermal Energy from
Fossil
Total Thermal Energy

Figure 4-14: Monthly thermal energy to power blockby source for indirect storage

Figure 4-15 shows the electric production per moh@®MW are produced at all times.

Longer months produce slightly more energy.
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Figure 4-15: Delivered electric energy in indirecTES model

4.4 Results for indirect storage without fossil back-upn Antofagasta
Typical days by season

The relevant seasonal results for indirect storeigfeout back-up are the same as for the

case with back-up and can be seenin 4.3.

Yearly results

Electric Energy Delivered: 307,765MWh produced végtilar power. This is one fourth
of the normal capacity.

Monthly Results

Back-up is probably needed for winter days for thsation in order to achieve higher
levels of use of the plant. Figure 4-16 presengsrtionthly electricity. The amount of
power delivered in July is less than half of thaiah is delivered in December.



w

o

o

o

o
!

M Electric
Energy
MWh

MWh
)
(=]
S
S
S

Q oy R 3 & N
RS ‘\\;b @,z;& S @% \o“ W

& Q
NS

& 0 0
e &
o) Q' Q

é'o ) zc

&
¥ 9

& o

Figure 4-16: Electric energy by month for indirectTES without back-up

Figure 4-17 shows us the average power produced inour for every month. Winter

season months produce less energy per hour tharheseasons.

MWh
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Figure 4-17: Average electric energy by month fomdirect TES without back-up

4.5Results for direct storage with fossil back-up in Atofagasta
Typical days by season

Once again, six days are shown for the direct TE8ahwith back-up for each season.
The results for the hourly fluid mass flows for #terage media are given in Figure 4-
18. Flow in summer is higher than other seasons.
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Figure 4-18: Hitec flow in solar field for direct gorage

In this case Hitec XL is used in the HCE and steragstem. The mass flow rates in

summer and autumn are similar. In winter theress flow of Hitec, but the steam flow

remains constant in order to produce 100MW all yetag.

Hot tank capacity is appropriate for summer butreized for the other seasons. This

should be optimized.
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Figure 4-19: Hot tank level for direct TES

Cold tank capacity is related to hot tank capa@glt can be stored in either tank.
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Figure 4-20: Cold tank level for direct TES

There are long periods of time with solar electyigroduction or solar fraction during

the summer, and 48% of the power is produced wvaildxr £nergy. The remaining 52% is

produced with back-up burning fuel.

The results for the autumn months are similar, 8486 of the power produced with

solar energy. The other 66 % is produced with hgzkanning on fuel.

During the winter, in contrast, we do not see lpegods with solar electric production.

Only 27% of the power is produced with solar eneegd the remaining 73% is

produced with fuel-fired back-up.

On average, 37% of the electricity produced overdburse of a year is solar.
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Figure 4-21: Solar fraction for direct TES

Yearly results

Thermal energy from solar production is 4B8°MJ and 7.73L0"*MJ is from fossil.
Electric Energy Delivered: 876.000 MWh. Of this¥8'¢omes from solar energy.

Monthly results

Figure 4.22 shows how solar energy input decredsesg winter and indicates that

more fuel is needed during that time of year.
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Figure 4-22: Thermal energy to power block by montiper source for direct TES



Electric output is constant at 1:00MW for every heuery month because of the back-
up.
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Figure 4-23: Electric energy delivered monthly fordirect TES

4.6 Results for direct storage without fossil back-upn Antofagasta
Typical days by season

The relevant seasonal results for direct storagieowt back-up are the same as those for
direct storage with back-up shown in section 4.5.

Yearly results

Electricity delivered: 323,695 MWh per year.

Monthly results

Figure 4.24 shows the electricity produced per tmont
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Figure 4-24 Electric energy by month for direct TESwithout back-up



It is even more important to have an average valube electric energy provided to the
grid per hour in order to compare months of diffédengths. This is shown in Figure 4-
25. Less than half as much electricity is produdedng the winter months (compared

to the results for summer).
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Figure 4-25: Hourly average electric power for diret TES without back-up

4.7Models in Antofagasta comparison

Table 4-1: Summary of results

Electric Average Hourly Solar

Energy MWH |Electric Energy MWh [Fraction
Direct Production 332,409 38 100.0%
Indirect TES wBU 876,000 100 35.1%
Indirect TES woBU 307,766 35 100.0%
Direct TES wBU 876,000 100 37.0%
Direct TES woBU 323,695 37 100.0%

Indirect TES is less efficient than direct prodantior direct TES because it has an
additional heat exchanger. Direct production iserefficient than Direct TES because it
has fewer losses in the solar field due to its lot@enperature at the inlet. The models
with TES and without back-up are equal to the sbiaction of the same option with

back-up.



Figure 4.26shows theamount of electric energy produced ussudar energ only on an
hourly basis for Januar 6-11 The blue line is the model without storage. I$ terge
peaks of energy. The turbine is assumed tcas efficient poducing 1MW in the
morning as producir 250MW at noonwhich is an assumption tt introduces errors.
Due to the buffer effect of the storage windirect TES and Direct TE, the peak
radiation is transferreto the time where less oomadiation is available. SinDirect
TES is more efficient than Indirect T, the formercan provide hot salt to proce

steam folonger periods ctime.
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Figure 4-26: Solar electricity during the summerin Antofagaste

Figure 4-27shows that lesenergy isstored and released after sur during autumn,
when there are mc clouds and fewer hours of sunligl8imilarly, direct storage is

more efficient than indire TES during the summer.
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Figure 4-27: Solar electricity in autumnin Antofagasta



Figure 4-28shows the hourly electric energy produwusingsolar energyonly for June
1-6. There is less radiation available aduring some hoursio heat is sted in the

models with TES. Pduction is the same as in the direct productioaeh
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Figure 4-28: Solar electric energy per model in wintem Antofagasts

As can be seen in Figure-29, 2-30 and &1, plants with and without TES behe
similar oncloudy day. This is due to the fact that all of the haeceived heat is
transformed inteelectricity
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Figure 4-29 Solar electricity for direct production on amostly cloudy day in Antofagasta



50
40
30

N
o [\
10 / \ A Indirect TES !

[ /N

1 3 5 7 9 11131517 19 21 23

MWh

hour

Figure 4-30Q Solar electricity for indirect TES on a mostly cloudy day in Antofagasta
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Figure 4-31 Solar electricity for direct TES on a mostly cloudy dayin Antofagasta

Figures 4-32, 83 and ~-34 showthat the plants behave similon partly cloudy days
due to that all the received heat is transforméal étectricity and Imost no storage can
be observed.
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Figure 4-32 Solar electricity for direct production on a partly cloudy day in Antofagasta
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Figure 4-33 Solar electricity for indirect TES on a partly cloudy day in Antofagasta
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Figure 4-34 Solar electricity for direct TES on a partly cloudy dayin Antofagaste

A radically different behaviocan be observed in modeisth TES (Figures 4-35, 4-36
and 4-37).In these casi, once the maximum turbine outps achieved, tt remaining
heat is stored for lower radiation tin. In direct production, alof the heat goes to the

turbine to produce electricity, making the energyduiction vary
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Figure 4-35 Solar electricity for direct production on amostly sunny day in Antofagasta

Figure 4-36shows that this model provida shorter time of steady 100Mproduction

(compare to Figure-87).
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Figure 4-36 Solar electricity for indirect TES on a mostly sunny dayin Antofagasta
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Figure 4-37. Solar electricity for direct TES on a mostly sunny dayin Antofagaste

Direct storage is more efficient than indirect sggraandsuch model can store more
energy usinghe same area of collectors. During summer days,rtiial capacity o
around 60 million kilograms of Hiti XL is sufficient to meet dema. An economic

model should & run todetermine optimum storage capacity.
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Figure 4-38: Tank levels per model during the summein Antofagasts

On autumn days, wabserv: less intensive use of storage. Tlo¢ tank is usemore as a
devicethrough whicl solar salt passes than as a storage localioa cold tank is used

for storing most of the si almost all of the time.
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Figure 4-39: Tank levels per model during autumnn Antofagasta

Storage capacity in the collector area is bareBdust all o winter days.Back-up is

necessary to increaplant operation.
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Figure 4-40: Tank levels per model in winteiin Antofagasts

4.8 Monthly energy comparison for the three cities and fivemodels

The monthly hourlyaverage nergy production is shown in Figur-41. This average is
the sum of thenergy produced per month dividey thenumber of hourin that month.

The bar shows the range the monthly averagenergy production per h¢, which is



the hourly average of the worst and best months. ddt stands for the average for all

months. Three conclusions can be drawn from thisrd.

Calama is the best location for installing a stdaugh plant for every model. The lower
part of the bar for all the Calama models is abtheaverages of both other cities and

the average annual energy for this city is appraxaty twice of that of other cities.

Direct energy production shows a better averageaawttler range for all of the cities.
TES modulates the energy production of the plantking this kind of plants produce

energy on a steadier basis.

Direct TES performs better than indirect TES beeatidias one less heat exchanger.
This gives the plant a better average electric yetidn, better best months and better

worst months. This will certainly improve the co$telectricity.
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Figure 4-41: Average energy per site and model

Figure 4-42 shows the total electric productiorenérgy for the three models in each
city. Direct production is best in all of the sitedlowed by direct TES and finally



indirect TES. The amount ¢ producedin this city is twice the of Santiago and
Antofagasta.
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Figure 4-42 Yearly electric generation for all models and sis

Important differences in Calan

Figures 4-43, 444 and ~-45 show the tank occupancy fibre direct TES in Calan for
six days.In each figur, the left graph showsolar fraction for tose six days and the
right graphshows tan usage. The red line shows the quantitgalf in the hot tank and
the blue line showBITF in the cold tank.

Figure 4-43 isfor summe and shows three blue zoneshich means that energy
production was continuotexcept for during a few hour3he tank levels for summ

vary zero to maximal capacity every day, usingl2 hours of thermal storac
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Figure 4-43: Solar fraction and tank levels for Diect TES Calama in summer

For autumn we see breaks every day and the tapkeiti@s are not completely used.
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Figure 4-44: Solar fraction and tank levels for diect TES Calama in autumn

During the winter, there are large breaks in pogameration and there are days when
the tanks are hardly used. Comparing these resithsthose of Antofagasta, that plant
behaves the best in days similar to autumn dayzaiama. Results for indirect TES in
Calama are similar to direct TES here, but not @sdgas those for the direct storage

option.
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Figure 4-46 shows the results for direct power potidn in Antofagasta and Figure 4-

47 shows the direct power production model in Calahote that the peaks of power
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Figure 4-45: Solar fraction and tank levels for diect TES Calama in winter

production are higher in Calama than in Antofagadfare energy is produced in

Calama than in Antofagasta, but neither presentofimproduction. There are high

peaks at noon and steep decreases thereafter.
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Figure 4-46: Energy production in direct production model in Antofagasta
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Figure 4-47: Energy in direct production model forCalama

Electricity production is mostly done using solasaources except in February, when
radiation levels fall and fossil back-up is larglean solar-added heat. This decrease is
probably related to a climate phenomenon known @ls/iBn Winter. A yearly solar

fraction of 77% is achieved in Calama with thiseyf plant.
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Figure 4-48: Thermal energy to power block per sowe in Calama for Direct TES with BU

Important differences in Santiago

For Santiago, the plant with direct and indirectST®ould be a fossil plant with solar
assistance rather than a solar plant with backaipen that the yearly solar fraction is

just under 26%, it has to produce most of its epesgburning fuel.



There is practically no solar energy productionmyithe winter. During December, the
rest of the power comes from the solar source.tii®mother months more than half of

the energy comes from the fueled back-up.
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Figure 4-49: Monthly energy to power block per souce for Direct TES in Santiago

4.9Validation of the thermodynamic model

It is important to evaluate the quality of the thedynamic model in order to achieve
reliable results and produce inputs for the ecoocomodel. We thus researched and
discovered a plant for which enough informationilatde, namely the SEGS VI located
in Kramer Junction, which has a net electric outpfit30 MWh. A few minor
modifications were made to the direct productiordeidn order to simulate the SEGS

plant as much as possible.

Assumptions

Based on the NREL webpage, it was assumed:

* Tat the fluid outlet temperature is 390°C
* That the plant has a back-up gas boiler that camsbd from noon until 6 PM to
produce steam

» That the cycle efficiency was set at 37.5%



« That the solar field is 188,006m

* That the net output is 30MWe, the parasitic condionpis 17.3% (Sargent &
Lundy LLC Consulting Group, 2003) and the grosgatibf the plant is 36.275
MWe.

The radiation data used was the typical meteorobgiear for Daggarett, where SEGS
I and Il are located, but it is 50 km away from Kex Junction. No weather data for the
specific location was found, but 50 km is close ugioto reproduce the plant. The
typical meteorological year weather data is a $elecof the most representative
weather data for every hour of the year for all years for which the information is

available. The historical information of the proddgower and radiation comes from a
presentation offered by the Kramer Junction OpegatCompany, (Frier, 1999) We

looked for information about a plant with TES suah Andasol One, but this plant
opened recently and no data is available yet.

Results

The SEGS VI plant was simulated using the metegro# data for Daggett in Southern
California (NREL) with the results plotted and tédied in Figure 4-50 and Table 4-2.

In Figure 4-50, the electric production for diffateyears (Frier, An Overview of the
Kramer Junctions SEGS Recent Performance, 1999loited against the average
radiation for the year. Years with radiation simita the radiation data used for the
modeled year of the SEGS VI plant were chosen.
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Figure 4-50: Gross electric production vs. radiatia for the different plants and models

Table 4-2 presents the gross electric productionhef plant for different years, the
average electric production of the different ydarsthe SEGS VI plant and the model

correlated to the daily average radiation.

Table 4-2: Electric production and radiation

Yearly Electric  |Differenceto |DNR Difference to
Plant Production MWh |[own model kwh/m2/day own model
SEGS VI 91 64155 6% 7.521 -2%
SEGS VI 93 55725 -8% 7.409 -3%
SEGS VI 94 56934 -6% 7.573 -1%
SEGS VI 95 63650 5% 7.654 0%
Average SEGS 60116 -1% 7.539 -1%
Own Model 60716 7.642

Summary

The results of the model are similar to the histdrdata of the plants and it can be said
that the model created is valid for the purposeshef thesis. Due to the similarity

between the models and the absence of more inflarmat can be said that the other

four models are valid, too.

4.10 Chapter Summary

As predicted, production in winter is lower than ather months, and back-up is

necessary to improve low plant usage during thas@®e Back-up can lower the



levelized electricity cost utilizing the rankineaty more often than it would be used in

the solar mode alone.

The most efficient model for the rest of the yesadirect storage. Given that very little

storage is used during the winter, direct elegraduction should be better.

Tank capacity be determined based on the costeo$yhtem and the energy losses due
to defocusing when no fluid is available to rembeat from the HCE. On a radiant day,
the hot storage could be full and the cold tanKHate empty for periods of time. If that
occurs, no refrigeration of the HCE could break fi@ss envelope and degrade its

selective paint.

There is a need to study the economics of baclRapearchers must evaluate the cost of
fuel over the plant’s lifetime, the cost of inst&ibn and the sale price of electricity. This

should be compared to the projected value of étégtfor the lifetime of the plant.

The collector area is another key milestone givext this variable would determine the
storage capacity and size of the plant (how muagld fheeds to be stored under the

economical optimization of the storage size ancctpability of the turbine).

In regard to the site, it is clear that the bets &ir installing a solar power plant among
the cities considered in this study is a locati@amto Calama, which presents the

highest radiation levels throughout the year.



5. ECONOMIC MODEL
5.1Introduction

The economic value of the project is as importhes d@nalysis of the thermodynamic
results. Profitability is relevant for estimatindhat, if any, government subsidy will be
needed. These results will vary by country. Fomepla, if the country is rich in fossil
fuels like natural gas, the electricity cost wobkl less expensive than it would be in a
country like Chile that imports such fuels. In socases, solar power plants will be less

competitive than gas natural fueled plants.

The sale price of the electricity will depend ore tHiversity of the electric power
producers in the network. These factors affecttetsty price paid and its variability.

Other factors include distance to the nearest atibetand water availability and cost.

The most important aspect of solar power is tharsmsource because it defines the
solar field area, storage capacity and the playpgerational results. Solar resources are
directly related to the project’s bottom line.

The economic model was built using Microsoft Exaall uses its Solver Add-On to

obtain the results.

As we know from the thermal model, only one yeazamputed thermodynamically, so

the same energy results are used for the followeasgs.

The cost model works as shown in Figure 5-1:
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Figure 5-1: Cost model diagram

5.2 Economic @ncepts

This section presendescriptions of key economic conceptsordel to help the reader

understand the inputs and results as well as theegureused fo the economic model.

Present value

The present value of a money flthat occursn the future is calculated as follo

Flow
PV = (1+1)n

(5-1)

Wherer is the opportunity cost of capital or discount yaid n the periocof time ahead
of the base time.

Net present value

Net present value (NPVs the sum of all othe flow of every period of a project
brought to the presedate with the corresponding discouate. If the NP\ is positive,
the project igrofitable for the inestor If it is zero, the investor should be indiffer. If

it is negative, the project is not economicibeneficial.

Flow;
(1+1)t

NPV =Y; (5-2)

Internal rate of retul



The internal rate of return (IRR) of a projecthe discount rate that makes the NPV be

Zero.

IRR can be positive, zero or negative. A value abitve discount rate means that money
flows at a higher rate earn profits. When the IRRower than the discount rate, the
project is not suitable for that investor but coddd for someone else with a less

expensive cost opportunity.

Levelized energy cost

The levelized energy cost, or LEC, given by eque®e3 is the cost of energy that
makes the present value of the project zero (IE¥91). If the price of electricity is

higher than the LEC, the project is feasible. Ift,nan economic incentive from
government should be used in order to make it esterg to investors. (Quaschning,
Kistner, & Ortmanns, 2002)

CCiipvt+Compvt+CruelpvtCraxpv)crf
LEC — ( ii,pvTLom,pv Efue pv axpv) (5_3)
gen

Where CG,y is the present value of the initial investment & represents the present
value of the operation and maintenance costs.fp(s the present value for fuel in the
back-up system, G& v stands for the present value of the taxes to ek pH is the
reciprocal of the factor that brings the energgatgd to the grid to present angkHs
the injected energy in a given year.

IRR and NPV are two indicators of the quality opr@ject. NPV shows if a project is
beneficial or not and can be positive, negativezeno. IRR shows how far away a
project is from being good or bad. We can use thedieators to compare different
projects and make decisions about their developmdf€ is also a good economic
indicator that can be used by the government terdehe how many incentives this

technology requires in order to be developed ircthentry.



5.3Inputs and Assumptions

This section presents a description of the inpatthe model. Most of the inputs are
equipment or installation costs. These and all rotlosts are listed in US$ per feature.
For example, the cost of a mirror is listed in U#$ square meter of solar field. Most of
the costs come frorfSargent & Lundy LLC Consulting Group, 200Because it has
detailed cost drivers and is one of the only rééiakources of solar equipment cost
estimates.

Energy produced

The amount of energy produced by a plant and ctersiics such as location and
aperture area come from the thermodynamic modedidped in Chapters 3 and 4. The
results of the simulations in monthly values fopexriod of one year are the energy
inputs for the economic model. A value for solasduced energy is given to the model,

and in case of fossil back-up, the amount of enprgguced with the resource is given.

Parasitic

A variable parasitic level was chosen for onlingtest Twenty percent of the produced
power is not sold or used by the power plant itselir offine mode, parasitic is

neglected and consumption is assumed equal be zero.

Mirrors

The cost of the mirrors was set at US$40 for eaglae meter of aperture (Sargent &
Lundy LLC Consulting Group, 2003).

Structure

The cost of the structure was set at US$109 (Bargent & Lundy LLC Consulting
Group, 2003). Thisis the sum of cost of the conegat structure, concentrator erection,

drive, foundations and other spares per squarer ime2804.



Heat collecting element

The cost of the HCE was set at US$43(@®argent & Lundy LLC Consulting Group,
2003).

Solar field heat transfer fluid

This cost depends on the system used. For a dit@etge system, the fluid is Hitec XL,
which costs US$1.19/Kg. In the case of indirectage or direct production, the fluid
used is Therminol VP1, which costs US$2.2/Kg. (iKegrD. , et al., 2003). The mass of
HTF is calculated as:

SFarea (0.054)2
Myrp = =22 (T) " purr - 1.1kg (5-4)
Where Skeais the area of the collectors (m), 5.75 is thertape of the collectors (m),
0.054: is the inner diameter of the HCE (m), apgk is the density of the heat transfer
fluid flowing in the solar field (kg/rf). The result is 1992 kg/ffor Hitec XL and 815

kg/m® for Therminol VP1 and 1.1 is a factor accountingthe fluids in other pipes that

are not heat collecting elements (no units).

Solar field pumping systems

The cost of SF pumping systems was set at US$3tpef solar field and accounts for
interconnection piping, electronics and control drehder piping (Sargent & Lundy
LLC Consulting Group, 2003).

Contingency

Contingency expenses were estimated in US$11 peregneter, (Sargent & Lundy
LLC Consulting Group, 2003).

Hot tank and cold tank storage



The cost of each tank was calculated based onastegoven in Kearny et al, 2003 for
storage per kWitbut for the thesis this cost must be listed in ikgtorage fluid and is

calculated as follows:

Cost

1
HT Cost = CT Cost = >~ Cp yrp * 7o * AT USD -

Where for direct storage,Girris1.447 kd/kg K and Cost is 16.18 and 16.67 US/kWht
for direct and indirect TES, respectivelyT= 190 and 185°C for direct and indirect
TES, respectively.

Table 5-1: Storage cost (Kearney D. , et al., 2003)

A°C|Storage cost $/kwht
200 15.2
Direct TES 190 16.18
Indirect TES | 185 16.67
150 20.1

Thus, HT Cost=CT Cost= US$0.6178/kg for direct T&sl US$0.6197/kg for indirect
TES and both tanks have capacity for all of the sal

Storage fluid

Hitec XL is always used in storage and we use #mescost as for the HTF in solar
fields of US$1.19/kg is used. The mass of Hitec ¢dlculated was similar to that
presented in Chapter 3 and provides 12 hours dfgtesage for the rankine cycle. HTF
needed for 12 hours of direct thermal storage ifobews: 62,652,989 kg and for 12
hours of indirect thermal storage: 64,000,173 kg.

Storage heat exchanger

In case of Indirect Storage, where Therminol VRins$fers heat to Hitec XL, a heat
exchanger with an installed cost of US$100/kWe imatalled (Sargent & Lundy LLC
Consulting Group, 2003).



Storage pumping system

The pumping system in the storage tanks was egthiatUS$50,000 for a 12 hour TES

system for both direct and indirect types.

Turbine

Turbine costs were estimated as the average afa$iefor a turbine inAspen Systems
Corporation, 2000 A range of US$400 to US$800/kW is given in thé&part, so
600US$/kW was chosen.

Generator

According to Sargent and Lundy, the cost of theegator for 2004 is US$367/kWe.

Cooling

The cost of the cooling system was estimated toUS$150/kWe. That is, is
US$100/kWe, which is the same as that of the hedtanger, plus 50%.

Water Pumps

The cost of water pumps in the cycle was estimatadiS$10/kWe of installed capacity.

Steam generator

The cost was estimated at US$100/kWe of instalbgahcity (Sargent & Lundy LLC
Consulting Group, 2003).

Back-up boiler

For the models with fired back-up, the boiler casts estimated to be US$150/kWe.

This is based on an estimate based on the casé @team Generator plus 50%.

Transmission line



Transmission line costs were estimated by Mr. Joi8hea, General Manager of RTHO
Elektrische Wwww.rtho.con) at US$35,000/km for 100MWe of installed capacity.
RTHO Elektrische is a company that designs and gelbducts for power lines and
substations. The US$35,000 per km can be brokem dsviollows:

US$4,000 /km for labor

US$18,000 /km for the towers
US$9,300 /km for the conductor
US$3,600 /km for isolators and others

Substation

As was true for the Transmission Line, substatiosis were estimated by Mr. O’'Shea at
a cost of US$2,600/MWe of installed capacity. Thatount can be broken down as

follows:

* US$1,2800 /MWe for labor
» US$1,020 /MWe for switches, pedestals and lightpirajection
« US$300 /MWe for connectors and others

The distance to the closest substation was se® dm3or all of the locations.

Site

The cost of the land was at US$350 per hectar&)S$0.035 per square meter for all

locations based on data from Mr. Roberto Otarolalngoa Chile.

The cost of the site is not an important cost draved at US$350/ha it represents less
than 1% of the total project cost. This cost wassized up to US$150,000/ha, in
which case it represents approximately 4% of thel toost. We will make no further

effort to find a more accurate price.



Engineering and planning

This cost driver was set at 15% of the direct coBliss is the default value in the Solar
Advisor Model free software developed by NREL.

Mirror maintenance

Mirror maintenance represents 85% of the cost efapon and maintenance according
to the Sargent & Lundy LLC Consulting Group, 2008e cost is US$4.675/kW month.
Repairs

This item represents 15% of the O&M cost as statedsargent & Lundy LLC
Consulting Group, 2003, or US$0.825/kW month.

Sale cost

When selling electricity, a fee must be paid tosrait the power over the grid. The
table below presents the cost of transmitting soe@esentative tracts. The fee is

proportional to the plant’s net maximum output pgwehich also is shown.



Table 5-2: Sale cost (CDEC-SIC)

Guacolda-Maitencillo 22(

Power 202.2 MW

Fee 517.0 kUS/year

Fee/Power/Moth 213.1 US/MW month
S. Luis- Quillota 22(

Power 595.7 MW

Fee 2111.0 kUS/year

Fee/Power/Moth 295.3 US/MW month
Cholgua-Charrua 22(

Power 202.6 MW

Fee 530.8 kUS/year

Fee/Power/Moth 218.3 US/MW month
A. Chillan- Parral 154

Power 30.1 MW

Fee 1155.8 kUS/year

Fee/Power/Moth 3204.3 US/MW month
Concepcion-Charrua 154
Power 81.9 MW
Fee 990.3 kUS/year
Fee/Power/Moth 1007.2 US/MW month
A. santa- S. Luis 22

Power 181.9 MW
Fee 1591.6 kUS/year
Fee/Power/Moth 729.1 US/MW month
Average 944.5 US/MW month
The toll is calculated as:
Fee USD

Normalized Monthly Toll =

Powerx12 Months MW Month (5-6)

The fee used is the average of the normalized Tokrefore, the toll was estimated at
US$955 per installed MW per month. If the instaltapacity is 200MW, the monthly
transmitting cost would be US$95,500. This cogirigected to increase at a rate of 5%

per year.



Fuel cost

Diesel is used as a back-up fuel for the fossilnburboiler. The cost of diesel was
estimated as an average cost for diesel for thebrmd cycle thermal plants in the
SING system in Chile (CNE, 2009) This cost is US$112.71/MWe generated with

fossil BU and is estimated to grow at a rate of @b year.

Natural gas is another option as a back-up fudljtbs not reliable as diesel. We had a
good supplier with low prices for natural gas, lius no longer providing the country
with the fuel. Coal is not an option because it ldquollute and affect the efficiency of
the mirrors and HCE. Another advantage of diesethat it can be replaced with

biodiesel.

Sale price

The sale price was estimated using past data (2RED). The used sale price is the
average market price. It was 81.580CLP/kWh withegohange rate of550CLP/US$ in
April 2009. The sale price at SING is US$148.33/M¥fid is estimated to grow at 5%

per year.

Taxes

Two kinds of taxes apply in Chile. One is the vahdeled tax (IVA), which is paid to
the State and represents 19% of the sale pricecoslls and earnings are given in net
values, without including IVA. The IVA is applied the operation costs listed for each

month.

The company’s earnings are taxed at a rate of 17% e earnings after IVA and

depreciation.



Depreciation

A five-year linear depreciation scheme is assumedihimize the tax load. There is no
remaining value of the assets is applied. Thessiteengineering do not depreciate.
Output

The output of the economic analysis is a tableaiaitg present value (PV) in US$ with
a discount rate of 15% assuming that energy is abldS$148/MWe and the plant is

depreciated in 5 years.

The percentage of the internal rate of return (IRR)iven assuming that energy is sold
at US$148/MWe and the plant is depreciated in $syea

The total construction cost (Cost) is given in U&$ if the plant were constructed
“overnight” on December 31, 2009 and became availab January 1, 2010.

The cost per electric mega watt of installed cagg€ost/MWe) is given in millions of
US$/MWe.

The levelized electric cost (LEC) is presented i88IMWh and in CLP/kWh at an
exchange rate of 550 Chilean pesos per US$.

Table 5-3: Economic output example

Units/Assumption
PV S (581,420,242.52)| 15%, 142US/MWh 5y dep
TIR 0.7798%|142US/MWh Sy dep
Cost S (848,162,651.18)(C.D. 12/2009
Cost/Mwe S (8.48)|Mill US/Mwe
LEC 625.4017732|US/MWh
343.9709752|CLP/kwh @ 550CLP/USD

As output, a summary of the cost divers is obtailmed he cost categories are given by

Solar Field and Site, and account for the mirretgjcture, site and other considerations.



The next driver is the HTF system, which accountstlie heat exchanger and cost of
the heat transfer fluid that runs through the sfiddd. Storage cost includes the two tank
system and fluid as well as other consideratiorse Power block cost includes the
turbine, generator, cooling system, pumping andrssitam generator. Contingency is a
factor accounting for extras. Finally, the indiredsts refer to engineering and other
costs.

Table 5-4: Cost drivers summary example

Costs Driver usD % total

Solar Field and Site S (212,561,632) 25%
HTF System S (1,450,218) 0%
Storage S (373,466,495) 45%
Fossil Backup S - 0%
Power Block S (122,700,000) 15%
Contingency S (18,262,309) 2%
Indirect S (108,222,284) 13%

5.4 Chapter summary

All of the information required to reproduce thedets was presented. A good estimate
of the cost and key economic indicators for a spawver plant can be obtained. The
model is flexible enough to allow parameters tonmdified as the location and plant

models change.

LEC: The levelized energy cost is the cost of epéingt makes the present value of the
project zero. It is a good indicator of the supgb#t this technology requires from the

government.
PV: Present value shows if the project is econoltyif@asible.

IRR: This is the discount rate that makes the prtegalue of the project zero.



6. ECONOMIC RESULTS
6.1Introduction

Now that the methodology and model assumptionshi@reconomic analysis have been
discussed (Chapter 5), we can turn to the restiiseosimulations. The most important
results are the present value of the project fohemncept and location and the initial
investments required.

The first analysis involved considering a standalecht at different locations.The main

characteristics of this plant are:

« Solar field area: 1,400,000°m

» Storage Capacity: 12 hours

» Turbine electric output: 200MW for direct and irelit TES plants, variable for
direct production

» Parasitic consumption: 20% when online, 0% whelnaff

» Lifetime: 30 years

» For plants with back-up, a boiler is added.

The second analysis involves amplifying the sakldfarea of all of the plants. This is
done by multiplying by one plus the factor betwéesm annual energy produced by the

best plant without back-up and the annual energglymed by the corresponding plant.

Energyyear pest plant
SF ; =(1+ Y plant ) . SF o iai ; 6-1
Area,Site Energyyear,site Original Area, Site ( )

This demonstrates the impact of extra investmernthénsolar field area in the power

production and levelized cost of electricity.

6.2Results for plants without back-up



The best LEC and thus the best present value agitehiRR are those obtained for
Calama, so the amplified areas are based on tlzaft.reThe amplifying factors
(multiplier) are presented in the table below:

Table 6-1: Solar Field Amplifiers and Areas

No BU
Calama Antofagasta Santiago

Direct Storage | Indirect Storage| Direct Prod Dir InDir Prod dir Dir InDir Prod dir

Original Area |Original Area Original Area]Original Area|Original Area |Original Area]Original Area |Original Area|Original Area
Original Area (m2) 1400000 1400000 1400000 1400000 1400000 1400000 1400000 1400000 1400000
Anual energy (MWh) 671666 656869 765686 323695 307766 332409 227679 219898 248217
Multiplier 1.140] 1.166 1.000] 2.365 2.488 2.303] 3.363 3.482 3.085
Modified Area (m2) 1595974 1631925 1400000 3311639 3483042 3224824 4708201 4874811 4318650

Results for Antofagasta

Table 6-2: Economic results for Antofagasta, no baeup

Antofagasta
Direct TES Indirect TES Direct Production
Original Area Modified Area Original Area Modified Area Original Area Modified Area Units/Assumption

PV $  (325,755,867)| $ (265,175,101)| $  (347,269,429)l $  (382,529,787)| $  (304,213,337)| $ (723,460,598)| 15%, 148US/MWh 5y dep
IRR 5.56% 9.05% 4.96% 7.57% 2.75% 2.40%|148US/MWh 5y dep
Cost -725680991 -926438619 -737728564 -1085132190 -588070870 -1373007884|C.D. 12/2009
Cost/MWe -7.3 -9.3 -7.4] -10.9] -2.4] -2.3|Mill US/MWe
LEC 342 245 365 288 324 330[US/MWh

188 135 201 159 178 182|CLP/KWh @ 550CLP/USD
Produced Energy 323695 527563 307766 526505 332409 765686| MWh year

All of the projects have a negative PV and thuslRR that is lower than the 15%
discount rate with a sale price of US$148/MWe.

We can see a large improvement in the projects’ LWE@n the collector area is
increased. However, an improvement is not alwaydeew in the energy output and its
present value. IRR also is improved.



Results for Calama

Table 6-3: Economic results for Calama, no back-up

Calama
Direct TES Indirect TES Direct Production
Original Area Modified Area Original Area Modified Area Original Area Units/Assumption

PV S (59,827,277)[ $ (222,431,993)[ $  (80,249,332)] $  (158,084,721)[ $  (57,368,368) 15%, 148US/MWh 5y dep
IRR 13.51% 10.80% 13.02% 11.73% 13.37% 148US/MWh 5y dep
Cost -725680991 -1044498500 -737728564 -960961786 -658907413 C.D. 12/2009
Cost/MWe -7.3 -10.4 -7.4] -9.6! -2.2 Mill US/MWe
LEC 166 210 172 192 163 US/MWh

91 115 95 106 90 CLP/KWh @ 550CLP/USD
Produced Energy 671666 703042 656869 696437 765686 MWh year

Direct storage in Calama is the best site for thatpwith LEC of US$233/MWh. The

net present value of the project is negative withiseount rate of 15%, but in this case

the IRR is 9.28%.

Results for Santiago

Table 6-4: Economic results for Santiago, no backju

Santiago
Direct TES Indirect TES Direct Production
Original Area Modified Area Original Area Modified Area Original Area Modified Area Units/Assumption

PV $  (398,614,665)| $ (593,214,550)[ $  (413,858,510)| $  (621,030,231)[ $  (436,553,337)] $  (1,372,152,332)| 15%, 148US/MWh 5y dep
IRR 2.24% 4.03% 1.80% 3.77%|- - 148US/MWh 5y dep
Cost -725680991 -1277413123 -737728564 -1317247377 -644767013 -2012887579|C.D. 12/2009
Cost/MWe -7.3 -12.8 -7.4] -13.2] -2.2 -2.2|Mill US/MWe
LEC 483 437 508 453 484 491|US/MWh

266 241 279 249 266 270 CLP/KWh @ 550CLP/USD
Produced Energy 227679 393854 219898 390824 248217 765686| MWh year

Solar energy produced in Santiago is relatively eanexpensive than in northern
locations. Furthermore, the plant operational fafio solely solar energy is very small
compared to the other sites. The factor energyymed with the amplified area over not

amplified (~1.7) is smaller than the solar fiele@amplifier (~3).

The energy produced varies in accordance with tileator area and can improve the
financials for different sites. However, increasthg mirror area does not always make
the plant perform at its optimum level, so locatien fundamental for economic
feasibility.



6.3 Results for plants with back-up

The amplifier factor is the same for plants withtd amithout fossil burners. However,
more energy is produced with the solar resourcelesslis produced using fossil fuel if
all other variables remain constant.

Results for Antofagasta

Table 6-5: Economic results for Antofagasta

Antofagasta
DIR TES INDIR TES
O AREA M AREA O AREA M AREA Units/Assumption

PV S  (386,578,018)[ S (388,725,565)] S  (299,417,195)[ $  (415,570,928)| 15%, 148US/MWh 5y dep
IRR 1.27% 6.66% 0.11% 6.35%|148US/MWh 5y dep
Cost -742930991 -1044498500 -754978564 -1085132190|C.D. 12/2009
Cost/MWe -7.4 -10.4 -7.5 -10.9{Mill US/IMWe
LEC 234 234 239 240{US/MWh

129 129 131 132|CLP/KWh @ 550CLP/USD
Produced Energy 876000 876000 876000 876000{MWh year

Amplified area reduces the LEC; IRR is also impahveut not the present value of the
plant, because of the higher initial cost.

Results for Calama

Table 6-6: Economic results for Calama

Calama
DIR TES INDIR TES
O AREA M AREA O AREA M AREA Units/Assumption

PV S (53,254,392)| $  (222,431,993)] $  (303,135,503)[ $  (173,176,269)| 15%, 148US/MWh 5y dep
IRR 13.55% 10.80% 12.14% 11.31%|148US/MWh 5y dep
Cost -693021027 -1044498500 -754978564 -960961786|C.D. 12/2009
Cost/MWe -6.9 -10.4 -7.5 -9.6{Mill US/MWe
LEC 160 210 173 187|US/MWh

88 115 95 103|CLP/kWh @ 550CLP/USD
Produced Energy 876000 876000 876000 876000{MWh year

Present value and LEC is not improved with the #medlarea. The IRR is better than

that of the original direct storage case. This ssggthat there must be a more optimal



solar field area for the Calama direct storage .cékes case is more efficient than the

indirect case because it has less heat exchangeramad thus a lower cost.

Results for Santiago

Table 6-7: Economic results for Santiago

Santiago
DIR TES INDIR TES
O AREA M AREA O AREA M AREA Units/Assumption

PV S (478521,439)[ S  (641,466,346)] S  (637,677,038)| S (669,439,691) 15%, 148US/MWh 5y dep
IRR 12.04% 1.60% -8.23% 1.31%|148US/MWh 5y dep
Cost -754978564 -1277413123 -865412651 -1317247377|C.D. 12/2009
Cost/MWe -7.5 -12.8 -8.7 -13.2[Mill US/IMWe
LEC 254 290 290 296|US/MWh

140 160 159 163|CLP/kWh @ 550CLP/USD
Produced Energy 876000 876000 876000 876000{MWh year

LEC is not improved with enhanced surface. Thisoopis worse than than others.

Initial cost

The initial cost by different drivers is shown inettable below for the three models
without back-up.

Table 6-8: Cost drivers for no back-up models

The initial cost for each driver is shown in Tabl® for the three models with back-up.

Direct TES Indirect TES Direct Production
Solar Field and Site | $(186,212,630)| $(186,212,630)( $ (186,212,630)
HTF System $ (1,429,924)] $ (11,429,924)| $ (1,312,931)
Storage $(303,983,981)| $(304,460,131)| $ -
Fossil Backup $ - $ - $ -
Power Block $(122,700,000)| $(122,700,000)| $ (306,750,000)
Contingency $ (16,710,000)| $ (16,710,000)| $ (17,100,000)
Indirect $ (94,644,455)] $ (96,215,878)| $ (76,695,309)
Total $(725,680,991)| $(737,728,564)| $ (588,070,870)




Table 6-9: Cost drivers for back-up models

Direct TES

Indirect TES

Solar Field and Site

$(186,212,630)

$(186,212,630)

HTF System

$  (1,429,924)

$ (11,429,924)

Storage

$(303,983,981)

$(304,460,131)

Fossil Backup

$ (15,000,000)

$ (15,000,000)

Power Block

$(122,700,000)

$(122,700,000)

Contingency

$ (16,710,000)

$ (16,710,000)

Indirect

$ (96,894,455)

$ (98,465,878)

Total

$(742,930,991)

$(754,978,564)

The plants are roughly the same for all locatiss,the costs are the same for all

locations.

6.4 Chapter summary

The LEC is a good indicator of the competitivenesan electric project. It needs to be
compared to the electricity sale price that is gadhy in the country. The SING has a
predominant use of fuel for generating electrictg, prices are stable in the range of
US$80-150/MWe, with the lower price correspondiagdal. In SIC, close to 50% are
hydroelectric plants and the rest are mostly natyaa or diesel fueled cycles. However,
coal participation has increased as natural gadeesme less prevalent and given the
higher costs of producing power with diesel. Ashsube cost of SIC is more variable,
ranging from values close to zero to US$150 per Mi#eending on the plans that are

online.



ng

oSenues ejseSejoluy ewele) o8elues

S3LYIANI s3aLyia S3LYIANI s3iLy¥ia SILYIANI s3Ldia aoyd yia S3LYIANI

V3IYY N VIYY O |V3YVY N VIUV O VIYY N VIYVY O VIV IN VIYY O VIYV W VIUV O |VIYV N VIYVY O VIHY N VIYV O VIUV N VIV O

NgoN

ejseSejoluy

S3aLyia aoydyia S3LYIANI S3Lyia

WY N VIYY O \VIWV W VIUV O [VIYY N VIYVY O VIV N VIV 0 VI¥V O

eweje)

SILYIANI s3iLy¥ia

34V N V3YV O VIV N VIV O

c
7]
g
H
H
E
009
ng ngaonN
o8enues ejseSejojuy ewee) oSenues ejseSejoluy ewee)
Qaoyd
S3LYIANI SaLyia S3LHIANI saLyia S3LYIANI siLyia aoyd dia S3LYIANI SaLyia aoyd ¥ia S3LYIANI siLyia dia S3LYIANI SaLyia
V3IYV A VIYV O|VIYY N VIV O VIYV N VIEV O|VIHV N VIYV O|VIHV N VIYV O | VIUV N VYV O|VIHV W V3¥V O VIHV W VIYV O VIHV N VIYVY O|VIHV W VIYV O VIV W VYV O|VIYV N VIYVY O|V3IYV O |VIHV N VIYV O VUV N VIV O
0
EEEEEEEBEBEBE W
EEEENER o

00000€

00000t

000005

000009

00000Z

000008

000006

000000T

A813u3 paonpoud

1edA/ymn

d models

ons an

LEC for different locati

Figure 6-1



Figure 6-2 showshe installation costs for the different concejTwelve-hour storage
systemsare expensive and account for one fourth of théalninvestment for model
with this option As a resu, efforts should be focused wer LEC

Due to the variable outpiof the turbine used ithe direct production model, a larg
power block shoulde installed, but used at full capaconly once in a whil as this
increaseshe cost of the plar
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Figure 6-2: Cost drivers for different technologies

Figure 6-3presentsthe yearly electric energproduced by a of the plants in the
different sites. A models are nn-BU models. Modifying the areas to try to produce
same energy ahe most productive model increases energy proaludiut it does nc

necessarily reduce the LEC, as can be se Figure 6-4 which compare options with
and without BU.
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Figure 6-3: Annual energy by model

Figure 6-4 shows the LEC for Santiago and Antofegascreases, when amplifying the
solar field. However, this value decreases in Calahiis means that there has to be an

optimum area for each model and the radiation cbariatics of the site.
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Figure 6-4: LEC by model and site
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7. TOOL DEVELOPED
7.1Introduction

Quaschning, Kistner, & Ortmanns, 20P02vorked with Greenius software for their
study of a 50MWe SEGS-type plant. Specificallyytis¢udied the behavior of LEC in

regard to solar field area for one type of planthate different radiation levels. In order
to carry out this work, they had to consider selvaspects. First, they needed higher
radiation levels according to Chilean weather coons. Secondly, they had to take into

account various technologies including the optibhydbridization with a fuel boiler.

This chapter presents an evaluation tool develdpeadssist experts as they make
decisions regarding different radiation levels, htemlogies and areas for different
locations in Chile using the assumptions preseni@dthe previous chapters.
Thermodynamic and economic simulations of the fiyges of plants were run for

different collector areas and sites with differeadiation levels. They are as follows:

« 1,000,000 * 2,600,000
« 1,400,000 « 3,000,000
« 1,800,000 « 3,400,000
e 2,200,000 * And others as necessary

For the following locations:

« Calama, with approximately 3,200 kWH/iyear

« Antofagasta, with slightly more than 1,800 kWh/pear

« Santiago, with almost 1,400 kWHryear

« Copiapo, with more than 2,500 kWHinyear for an intermediate radiation
between Calama and Antofagasta. The radiation fdat@opiapo was obtained

using Meteonorm software.
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The output of these simulations is the LEC and ahelectric generation; the data is

presented in graphs for easy use and comprehension.

7.2 Results

Figures 7-1 to 7-4 present the radiation levelsdiffierent values. LEC are plotted as
solid lines in different colors for the various net&l The energy output of the different
plants is printed in the same color as the moddE€ but in a dashed line. The four
options of plants with TES are 100MW plants, bubiie size for direct production
plants varies with the size of the solar field irder to match the power block

requirements of the best hour of the year for eatdr field area.

Figure 7-1 shows the results for the plants if theye in Calama. The best model is the
direct production model, which presents almost tamisLEC for different collector
areas. Direct production is the best option fomades in which TES is used without
back-up, with a field area of 1,600,000rThe break in the energy curves at 1,400 and
2,200 thousand square meters is due to the chanthe iscale of the solar field area,
which moves from intervals of 200,000 square meterstervals of 400,000 square

meters
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Figure 7-1: LEC and energy for Calama or locationsvith 3200kWh/m2 year

Figure 7-2 shows the results for Copiapo. The texstel is the direct production model
with back-up, with a field area of 2,000,000 close second is the option without
back-up, which costs only US$3 more.
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Figure 7-2:LEC and energy for Copiapo or locationsvith 2500kWh/m2 year

Figure 7-3 shows the results for Antofagasta. Tést Inodel is the direct production
model with back-up, with a field area of 2,200,08pfollowed closely by the option
with indirect TES and back-up. When the two besCls€Eare compared, the indirect
TES option costs just US$5 more than the direct ®@i®n. Direct production has a flat

LEC and, based on this variable, is the worst optio
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Figure 7-3: LEC and energy for Antofagasta or locaibns with 1800kWh/m2 year

Figure 7-4 shows the results for Santiago. The mestel is the direct TES model with
back-up, with a field area of 1,400,009rfollowed closely by the option with indirect
TES and back-up given that its optimal LEC cosss$ [iS$5 more than direct TES.

This option shows that, relative to the other lmr#, a decrease in the solar field area
improves economic performance due to the reducedtisolar equipment and higher

and less expensive use of the fossil burner.
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Figure 7-4: LEC and energy for Santiago or locatios with 1500kWh/m2 year

Figures 7-5 through 7-9 show the LEC for each tetday for different radiation levels

in order to illustrate the relationship between thdiation in the site and the plant’s
LEC. The LEC is the solid line and its color varisssite. The dashed line is the electric
energy produced and is presented in the same esldhe corresponding LEC line.
Figure 7-5 shows the results for direct TES withoatk-up. The lower LEC is achieved
with the higher radiation for the same type of plaand each radiation level has an

optimum area.

116



600 800000
500 \/“&:—'\"_—-_----- 700000 e Calama DIR TES
<= -
- X’ .7 600000 no BU
= 400 | 500000 %
= ’ o Copiapo DIR TES
ﬁ 300 +Z - 400000 = no BU
—
= - = ;
§ 200 _&_— 300000 = Antofagasta DIR
Pt d L 200000 TES no BU
100 - 100000  e===Santiago DIR TES
0 T T T T T T T T T T T T 0 no BU
O O O O O O O O © © © © O
S & &6 & &6 & &6 & & & & & o
S A § © ® 6O & F © ® © N &
— — — — — N o~ [q\] o~ o o o o
Area Thousand m?

Figure 7-5: LEC for different sites for direct TES technology

Figure 7-6 shows the results for the direct TEShwhack-up model. Radiation is
inversely proportional to LEC, but in the caseshwitack-up, the range of the LEC
among different technologies is less than the optigthout back-up. The energy
produced is 876,000 MWh because the plants haveljasystem and run 24 hours a
day and 365 days a year.
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Figure 7-6: LEC for different sites for direct TES with back-up technology
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Figure 7-7 shows the results for indirect TES withiback-up. As was true in the direct

TES case, better radiation means better LEC.
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Figure 7-7: LEC for different sites for indirect TES technology

Figure 7-8 shows the results for the indirect TE® Wwack-up option. As was true for

direct TES, the range of the LEC is less than énrtbn back-up plant.
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Figure 7-8: LEC for different sites for indirect TES with back-up technology
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Figure 7-9 shows the direct production case Thatiat level is inversely proportional

to the LEC.
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Figure 7-9: LEC for different sites for Direct Production technology

Figure 7-10 shows the best LEC for each model adtion level.
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7.3Weather variability

Due to the fact that limited data is available ba tveather and radiation conditions for
the different locations in Chile, the DNI for Cop@awas sensitized to a range#df0%.
This was done in order to examine the behaviorhef tEC when the radiation in

Copiapo was 10% worse or better than originallyigia.

The ambient temperature was not changed, thouglstnuld have been done in order
to better reflect real conditions. (It would be wmar if there was more radiation and
cooler if there was less). However, given thatsitdifficult to estimate the exact

temperature difference, we decided to omit thisesp

Three different areas were chosen for the simulatf the five different models. The
results are plotted below. The dashed lines cooresgo the gross electric energy
produced and the solid line represents the LE@d&oh case.

As it can be seen in Figure 7-11 and 7-12, theedfice in the LEC decreases as the
collector aperture area shrinks. This indicateg thaslightly oversized area has a

bounded LEC than an undersized solar field.
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Figure 7-11: LEC and energy for +-10% radiation inCopiapo for direct TES no BU
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Figure 7-12: LEC difference for +-10% radiation in Copiapo for direct TES no BU

Figure 7-13 shows the results for direct TES walskbup. As was observed in the direct

TES with no BU option, the dispersion diminisheghessolar field area expands.
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Figure 7-13: LEC and energy for +-10% radiation inCopiapo for direct TES with BU

Figure 7-14 shows the results for the indirect Ma®out back-up scenario. As was the

case of direct TES without BU, LEC variability ieases as the area increases.
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Figure 7-14: LEC and energy for +-10% radiation inCopiapo for indirect TES no BU

Figure 7-15 shows the results for the indirect Ma® back-up scenario. As was the
case for direct TES without BU, LEC variability deases as the amount of area
increases.
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Figure 7-15: LEC and energy for +-10% radiation inCopiapo for indirect TES with BU

Figure 7-16 shows the direct production case. Tifierdnces seem to be roughly equal
for all areas. Figure 7-17 shows the differenceEEC with +10% radiation compared
to the original value.
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Figure 7-17: LEC difference for +-10% radiation in Copiapo for direct production

7.4Discount rate sensitization

A case study was developed in order to understaadliiscount rate effect on the LEC.
This example is valid for a direct TES solar planCopiapo without back-up with an
optimal solar field aperture of 200 hectares. Ttsealnt rate was varied from zero to

30% en intervals of two percent. The result is shdelow in Figure 7-18.
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Figure 7-18: LEC vs. Discount Rate

The original LEC with a discount rate of 15% was$l82.32/MWh. If we consider the
proportional variation of the LEC related to theportional variation in the discount

rate, the result can be more useful and can bepolated to other examples in better
way.
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Figure 7-19: LEC vs Discount Rate

Changes in the rate from -20% to +100% are dirguibportional to the change in LEC,
with a factor greater than one (average in theeahd. 2); this tendency is not valid for

changes in the rate for differences beyond -20%discount rate of less than 12%.
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A variation in the discount rate larger than -2@¥tects the LEC in the same proportion
as the discount rate with a factor of 1.12. Thiuthe rate is changed from 15% to 20%
(33% increase) the LEC changes in LE&%1.12 with a final value of US$250/MWh.

7.5Chapter Summary

The best option is Calama direct TES without bagland 160 hectares of solar field
aperture. With this plant, assuming a discount dtd5%, the cost that makes the
investor indifferent or LEC is US$167/MWh.
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Figure 7-20: Best LEC for Calama by type of technalgy

LEC is inversely proportional to radiation. The ganof the LEC for each type of
technology and radiation level varying the SF argayider in the non-back-up options
and narrower in the plants with back-up. This ige tluthe fact that the sale price tends
to be closer to the sale price with fuel back-uphimlast case.

Finally, for options with TES, it is better to haga oversized collector area in order to
have a more tightly bounded LEC independent of deeision to include back-up.
However, in the case of direct production, the aopyion for having a narrower LEC
band is to have highly accurate data for severatsy€el his would optimize the collector

area for the radiation level of the site.
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8. CONCLUSIONS

Chile is not a fossil energy producer. The coustijsfies its internal consumption with
imported fuels. This makes the country dependenbibrer countries to satisfy the
demand for energy. One-third of the energy is gaedrusing hydraulic technology and
two-thirds of the electricity consumed in Chile asrfrom fossil fueled plants. These
numbers and the IPCC claims on global warming aailmseanthropogenic emissions
make solar energy a resource worth considering.

Parabolic troughs are the most developed soldri@lecergy production device. With the addition
of thermal storage and back-up boailers, this tdolgpias a reliable source of energy with low

dependence on international energy prices thabieavironmentally friendly.

A few conclusions were reached based on the thegmaodic simulations. All of the
models studied here are highly dependent on weatrability. Winter is a bad season
and autumn and spring are not as good as summeie\do, the performance in lower
radiation seasons is better in Calama and Coplagoit is in Santiago and Antofagasta
due to the weather characteristics on the diffesstgs. In a solar power plant, a
relatively stable climate has a highly positive aapon the results. During the summer,
only few hours are not useful. The availabilitytbé solar resource decreases in autumn
and again in winter. The seasonal variabilitykeyapoint to consider when making a decision
regarding the size of the thermal storage. One pwrsdider the cost of building a storage
system with more capacity and its economic bendiite results also are very sensitive to the
collector area and the availability of fossil bagkand thermal storage.

The economic performance of the power plants ieadt as important as the thermal
behavior of the plants . The solar field accountsdne-fourth of the costs, while one-
third of the cost of the models with TES is theratie system. In the direct production
model, the power block is the most expensive agheeto the peaks of power produced

by a solar field that is connected directly to ibine.
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A system without TES is less expensive than aroaptiith it, but the investment in and
use of the power block is more regular and it resman the same level of power for a

long period of time. However, the level of direcoguction is completely variable.

The optimum system can be chosen based on thezlkedalectric cost. This decision is
dependent on the radiation and the technologyddmatbe applied. This means that there
is an optimum technology and solar field size f@edain radiation level. It is clear that
the higher radiation levels the best the LEC iswkleer, the difference in the LEC tends

to be less for higher radiation levels.

The optimal SF size for different radiation levelries. In less radiation scenarios a
larger SF is needed, for optimum LEC, than in sitéh higher radiation. Furthermore,

the solar field area for an optimal LEC does noximée the plant’s energy output.

Based on weather data sensitization, the spreaB©fis decreased when the solar field
is oversized as compared to a plant that was pthforea specific solar resource. When

the weather is not reliable, it is better to ovstireate the aperture area of the collectors.
In summary, based on the LEC indicator:

* There is an optimal model for every solar radiaterel

* That optimal model has an optimal SF size

* The more radiation, the smaller the SF

» The optimal SF area is not the one that maximizestergy output of the plant

» Back-up can lower LEC, especially in lower radiatsgites, but it can increase
the cost of electricity in higher radiation zones.

» The variability of the weather data may introdueeiations in the LEC. In order
to diminish the variation, a solar field size thatlarger than the optimal size
should be used.
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