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Abstract. This paper presents a study of concentrated sotaver insertion in the Brazilian energy matrix, aligh
integration of the solar energy with Luiz CarloseBtes Thermoelectric Power Plant (UTE-LCP) in TirtAgoas city.
The current situation of the Brazilian electricigctor, which has presented strong growth of thetewtric dispatch
in recent years and the consequent increase icaleof electricity generation, justifies the deyshent of alternative
energy sources. The purpose of this study is tegmtea model of electricity generation through that solar source
compatible to technological and economic realitéshe energy market. The study is based on evaluaf the linear
Fresnel reflector with direct steam generation, dugse this configuration has investment, operatind maintenance
attractive costs. The performance of the soladfigl simulated in the System Advisor Model softW&#&M) of the
National Renewable Energy Laboratory (NREL). Thedmt performance is used with UTE-LCP operational
database to estimate the additional electricity eration. This paper presents the validation analysi the proposed
model performance through of the solar field LFRugations with existing typical meteorological ygaiMY) from
Brazilian cities with similar solar availability ofrés Lagoas city. Analyzes indicate that it isgilgie to construct an
integrated solar field that increases the power eyation of the UTE-LCP at 0.965 MW and the annuzdigonal
electric energy production in 1,008.2 MWh with ediized cost of electricity (LCOE) of USD 90.83 pih.

Keywords: concentrated solar power, integrated solar combingcle, linear Fresnel reflector.
1. INTRODUCTION

The Brazilian electricity matrix historically hasrgsented great participation of renewable energyrces.
According to Empresa de Pesquisa Energética - ERE4], renewable sources account for 79.3% of tmaedtic
supply of electricity in Brazil. However, it hassdyved in recent years a substantial increaseeimitelectric power
plant dispatch. The electricity generation from smenewable sources in 2013 represented 20.7% dbthk against
15.5% in 2012 (EPE, 2014).

Several factors are responsible for this greatpeddence on thermoelectricity, including the susisesperiods of
low rainfall in the southeast region, environmemgatrictions that hinder the construction of hyeatric plants with
large storage capacity, high growth in electricigmmand and energy sector planning failure.

The greater participation of thermoelectricity hetelectrical system causes substantial macroedoniomacts
such as the cost increase of electricity for indest commerce and households, the trade balasegulibrium due to
necessity of increase of fuel imports, delay orcedlation of investments because of the unprediitalof electricity
costs and energy insecurity.

In this scenario, the share of renewable energyceswsuch as wind, photovoltaic, biomass and shyaltoelectric
plants has found space for growth. Brazil has goetgntial for solar energy utilization throughdhe year, as the most
part of its territory is located between the trepi€he use of solar energy can bring many bertefitse country such as
the viability of development of distant areas amel tegulation of energy supply during drought pasio

Therefore, this study aims to propose an alteraativenable the inclusion of solar thermal energthe Brazilian
energy matrix, through the integration of a conetl solar power (CSP) with a combined cycle pquiesnt.

The Thermoelectric Power Plant Luiz Carlos Pre@t¥E-LCP) was selected as a case study. This jplaegents
several favorable characteristics, such as widdadnigty of direct normal irradiation (DNI) in Ti€Lagoas city (MS),
availability of reliable meteorological data from aemote station of the Brazilian national insttuf meteorology
(INMET), and because of technical and operatiospkats of existing equipment.

The chosen CSP technology for this analysis wadiriear Fresnel reflector, which presents investimeperation
and maintenance competitive costs, in comparisém ether solar concentration systems.
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2. SOLAR THERMAL ENERGY

Solar thermal technology consists of a series efggnconversions. The solar irradiation collectgchbirrors with
punctual or linear concentration is transferredheat to the thermal fluid on a receiver. The abasdrheat is converted
into mechanical work through a thermodynamic powale, such as Rankine, Brayton, and Stirling andllfy into
electricity in a generator.

As the solar concentration system does not foceiglitiuse radiation, the installation location 0€8P must have
high availability of DNI and therefore high averagfeclear sky days. According to Tolmasquim (20123 required a
minimum annual DNI around of 1,900 kWHrfor the technical feasibility of the CSP project.

The CSP can be divided in two distinct systemsarsfi¢ld and thermoelectric conversion plant. A madvantage
of this technology is precisely the similarity dfet power block to that used in conventional therplahts, where
chemical energy of fossil fuels is replaced by emrated solar irradiation (Lopez, 2012).

The main factors that affect the efficiency of C&fe the optical losses in the concentrator, hesgel in the
receiver, transportation and energy storage anekggriosses in the electricity conversion systeotoeding to the
representation of Fig. 1 (Lovegrove and Stein, 2012
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Figure 1. Diagram the main components of a CSPtplan

The radiative losses in the receiver include lossadiation emitted by the absorber due its temjpeeaand
reflection of concentrated solar radiation (Lovegr@and Stein, 2012). Therefore, it is desirable tha surface of the
absorber has high absorptivity in the solar radimgpectrum and low emissivity for long waves, thusiding losses
by radiation heat transfer (Macagnan, 2010). Makenith these characteristics are known as setestirfaces and
consist of high absorptivity covering applicatiomlow emissivity substrates.

Convection losses come from the air motion oversindace of the absorber, either naturally or dusvind. To
minimize these losses, the receiver can use gtassiaogs or evacuated tubes.

Conduction losses occur through the thermal ingulatovers on the absorber tubes or any otherpgathtbetween
the hot surface of the receiver and the environment

2.1 Concentrating solar power technologies

The core of CSP plant is the mechanism of concéoraf solar radiation, which provides operatioithwhigh
temperature fluid. The existing solar concentratiechnologies are parabolic trough, parabolic digimtral tower and
linear Fresnel.

Table 1 presents, according to Kalogirou (201 X¢mparison of performance data of CSP technologiksre can
be observed that the parabolic trough systemsratdntver and linear Fresnel have greater poweeiggion capacity.
The main cause of this generation capacity is feeafi these concentration systems with Rankineesycl

Table 1. Performance characteristics of CSP tecigis.

Technology Capacity Concen_tration P_e{ak solar So!a_r—electric
range, MW ratio efficiency, % | efficiency, %
Parabolic trough 10-200 70-80 21 10-15
Fresnel reflector 10-200 25-100 20 9-11
Power tower 10-150 300-1000 20 8-10
Parabolic Dish 0.01-0.4 1000-3000 29 16-18

The solar-electric efficiency of a CSP, definedths ratio between net power generation and incidme@m
radiation, is lower than in conventional power pgahecause it include the conversion of solar gn&vgheat in the
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solar field and the conversion of the heat in eieity in the power block (Kalogirou, 2011). Thadiar Fresnel reflector
was the solar concentration system selected fsrsthidy. The main characteristics that drive theaghare presented in
the next section.

2.2 Linear Fresnel
The LFR system uses an array of parallel reflectmgors to direct the solar radiation to a fixéaehlr receiver

located above the plane of mirrors, as shown in EiJ hus, the LFR consists of three main companenirrors field,
receiver and tracking system (Lémal, 2013).

solar radiation e
g Cavity receiver = g

e

Stepper motor //

Figure 2. Diagram of linear Fresnel reflector.

The arrangement of mirrors can be understood agmentation of a parabolic trough concentratooirglparallel
rows of flat mirrors where each line has its owacking system to reflect solar radiation and focoléectively on an
elevated long linear receiver that runs parallehorotational axis of the reflector (Mills, 2004)

The main difference of a LFR system is its manufagtoperation and low maintenance costs when caadpaith
the parabolic trough, due to the use of flat glaésors, fixed absorber tube and less robust supgtoucture, thus
simplifying the assembly process.

The geometry of the LFR provides low aerodynamagdso the concentrator construction is simplen fierabolic
trough systems. This feature results in a bettacttral stability, thereby reducing optical losa@sl mirror breakage.

However, the Fresnel linear concentration technoluas lower optical efficiency than the parabalaugh, mainly
due to solar radiation shading and blockage bycadjasegments of mirrors. This problem can be agbitirough the
raise of the absorber tubes or through the increitfee space between the mirrors, which leadshiglaer land use in
relation to the collector area (Mills and Morris@®00).

Several geometries of receivers for LFR concentsateere studied and tested. The receiver desigrbeativided
into two groups: multi-tube and single tube (Morgeal, 2014). The most conventional multi-tube designsists of a
series of parallel tubes arranged horizontally incavity with a trapezoidal cross-section withoutoselary
concentrator. The single tube design is basedsingte pipe located inside a cavity with compouadapolic collector
(CPCQC).

The existing LFR power plants use direct steam iggioe (DSG), where steam is generated directlthansolar
field without any heat transfer fluid (HTF) betwette solar field and power block, such as thernilabromolten salt
(Monteset al, 2014). The DSG systems can work with saturatesiperheated steam.

According to Gunther (2011), the main parameterthendesign of Fresnel collectors are: width of thenplete
collector, width and the quantity of parallel mispheight of the absorber tube above the primargomplane, space
between the mirrors and the curvature of the nsrror

The different effects of the incidence angle im$nersal and longitudinal direction are important determining
the solar field orientation. Theoretically, it isgsible to align the Fresnel solar field in anyediton. However, existing
plants have adopted the north-south orientatidoFé¥ field due to their higher annual energy effiaig.

LRF systems that use DSG are able to produce segexth steam with temperatures reaching 500 °C bedhay
use vacuum absorber tubes, which have lower thetossles. The solar field can be divided into twatisaes:
vaporization and superheating, as shown in Figih& vaporization section has a larger area beddeasprocess of
vaporization of water requires more energy.
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Figure 3. Diagram of solar field loop with direé¢am generation.

The solar field with DSG can be classified into ttypes: with recirculation, as Fig. 3, or once thgh. To control
the quality and avoid the passage of liquid togbperheating section, the recirculating system asssparator drum
with level control. The excess of saturated liguaidhis drum is transferred to the beginning of ¥hporization section.

Due to temperature limitations of the materialsduge solar field and due to the high temperaturetqutions
systems in the steam turbines, the superheatinipses provided with a steam output temperaturatrmd. Two
methods are used for steam desuperheating: coridaénggtion and defocusing of the superheat sectiorors.

2.3 Power block

The system used in CSP to convert thermal enertyy etectricity, also known as power block, is samilto
conventional power plants, but the major differeiscthe heat source. In some hybrid solar planigdesthe solar field
operates in conjunction with a conventional bodlewith a combined cycle.

Thermal analysis of solar power plants is simitathose used in power plants that operate with Rankycle.
According to Cengel (2013), the ideal Rankine cyddes not consider any internal irreversibility aymhsists of the
following four processes: isentropic compressioa jpump, heat supply at constant pressure, iséatexpansion in a
turbine and heat rejection at constant pressuaecondenser.

The water in the saturated liquid state is commgessentropically in a pump up to the boiler operapressure.
During compression, the water temperature risghth)i due to decrease of the specific volume.

In the boiler, the water receives heat and raitseemperature up to the superheating state. Tégspre inside the
boiler is considered practically constant. The shipated steam is directed to the turbine, wherisemtropic expansion
occurs, moving the blades and consequently moviedurbine shaft, thus producing work. The turtsheft is coupled
to an electric generator, which converts mechaminatgy into electrical energy.

The steam reduces its temperature and pressule iaxppansion process. The steam is directed toahdenser
after exiting the turbine. The condenser is a legahanger that transfers the fluid latent heat tmld source, which
can be the atmosphere, even a river or the sea.

The simple Rankine cycle has much lower efficietign the efficiency of the corresponding Carnoteydue to
the irreversibilities associated with the heats¢fanto and from the working fluid. In order to irase the efficiency of
the cycle, some projects predict boilers with mitvan one pressure level or the inclusion of regenes. The average
temperature at which the heat is transferred tdltie in the boiler and the temperature at whieé heat is transferred
from the fluid in the condenser affect the effiggmf Rankine cycle (Cengel, 2013).

3. METHODOLOGY

This chapter describes the steps of the study,hwtiarts checking the availability of direct saladiation in the
region of the solar field installation, the destidp of Luiz Carlos Prestes Thermoelectric PowamElthe solar field
analysis, the costs of CSP installation and thegr&tion of the software of the concentrated gmdarer simulation.

3.1 Direct normal irradiation in Brazil

According to the International Energy Agency (IE2014) Brazil has semiarid regions with daily DNbuand
6 kWhm?. The greatest potential is located in the Sdodisan Basin in the northeast region. This regiosihgortant
features such as proximity to the equator linejlabke land, water availability, low annual raiffahd low population
density.

The Brazilian Atlas of Solar Energy (Pereira et 2006) indicates that the average annual DNI &sTragoas city
is about 2,181 kWhih This information encourages the feasibility asalyof the installation of concentrated solar
power with UTE-LCP because, as the bibliographgctitreviously, CSP projects can be technical fdagitm regions
with availability of annual DNI greater than 1,90%/hm*.

To carry out the performance of simulations of sbéar field and to compare the results, other twaziian cities
with existing TMY and solar availability to that ®fés Lagoas were selected. The selection of ttites was based on
data of bright sunshine duration and maps of theragge annual DNI. Therefore, the cities selectedHis analysis
were Petrolina in Pernambuco State and Campo Grianklato Grosso do Sul State. The typical metewickl year
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(TMY) of these cities were taken from SWERA (Sadand Wind Energy Resource Assessment) project and thY
of Trés Lagoas was from Meteonorm software of MitgtoCompany.

3.2 Luiz Carlos Prestes Thermoelectric Power Plant

The Luiz Carlos Prestes Thermoelectric Power Plag the exclusive purpose to produce electricity @&
generating units are divided in two independentkdo Each block consists of two gas turbines, twattrecovery
steam generators (HRSG) and one steam turbine.

The four gas turbines (GT) are the PG6101 6FA ohdeal Electric, rated 71 MW at 1SO conditions (&5 °
temperature, atmospheric pressure of 101.3 kPayeker, due to fuel characteristics, weather andlloonditions, the
nominal power of gas turbine is 65.25 MW.

The steam turbines (Siemens) are simple flow atal ttiondensation, with nominal power of 62.545 MWe
nominal pressure of the inlet steam is 69 bar hadeémperature is 500 °C.

The exhaust gases of the gas turbine can be foedatidectly to the by-pass stack (single cyclefoahe respective
HRSG (combined cycle). CBC Heavy Industries manufad the four HRSG that work with superheatedrsteath
nominal pressure of 69.43 bar, outlet temperatfi®2 °C and nominal mass flow rate of 30kgs

The installed capacity of UTE-LCP is 386 MW and ttmsumption of natural gas at base load is apprabaly
1.9 x 16 m3day". The plant has been operated commercially sinceaig 2004.

3.3 Proposal for solar thermal integration

The selection of solar concentration technologydusethis study and the solar field integration naoet with the
UTE-LCP were the subjects of extensive bibliographnalyses. According to Zhet al (2013), nowadays two
companies produce commercial systems of linearnete®flectors, Novatec Solar and Areva Solar. Befhtems
utilize direct superheated steam generation withpgrature between 480 °C and 520 °C. Novatec Swlarided
relevant information that helped to define the stii@rmal integration system.

The proposed system is a solar field LFR with DSi&hout thermal storage, which will run in paraligith the
HRSG of the UTE-LCP, feeding its steam turbinesta®wn in Fig. 4.

The power of the solar system was determined dothieasum of the steam flows from HRSG and thersfadéd
does not exceed the operating limit of the steatiria.
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Figure 4. Schematic diagram of solar thermal iraégn with the UTE-LCP.

The German company Novatec Solar produces the Lyderm selected. According to the manufacturer's

information, Novatec is a worldwide leading teclogyl provider of low cost and efficient concentratedar power.
According to Novatec (2014), the Supernova techyplenables the production of superheated steaemngidratures
up to 550 °C, with the following features:

a) Automatic cleaning system with low water constiomp

b) Highly efficient land use;

c) Direct steam generation, without using thernilal o

d) High availability factor.
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The solar field with this technology is modular ghé main components of a control unit are fourmfeti support
structure, primary reflectors, receiver and tragkaystem. A control unit consists of 128 primaryrom units with a
reflective surface area of 513.6 m2. The contrél can be arranged in longitudinal direction in swef 5 to 22 units.
Consequently, the rows can be settled to form $ahs of different sizes.

3.4 Cost of the linear Fresnel reflector system instadition

LFR is a relatively new technology, with few unitsoperation and limited number of market suppleng the cost
data of the solar concentration system installagi@nnot available enough.

According to the International Renewable Energy Waye(IRENA, 2013), the cost of a CSP plant withgtanlic
trough technology or linear Fresnel without enestgrage in non-OECD countries such as Brazil, rdngetween
USD 3,100 and USD 4,050 per kW of installed capacite to low cost of products and local supply agrkewable
energy promotion mechanisms. According to IRENA1Z)) 66% of the installation cost refers to theasdield and
support structure while the other 34% of the cefsrs to the generation block and heat transfeesys

To compare the competiveness of the different remdavgeneration technologies normally is used ¢velized
cost of electricity (LCOE), that represents thetoofsbuilding and operating a generating plant osar assumed
financial life. According to U.S. Energy InformaticAdministration (EIA, 2014), the LCOE of the sol@ncentrated
power in the United States of America range fronDUS 6.8 to USD 388.0 per MWh.

3.5 Simulation software

In consequence of the lack of experimental datpréalict the annual energy produced by the solacemnation
system, this work uses the System Advisor Model\$Aimulation software, developed by the NationahBwable
Energy Laboratory (NREL). The SAM is a softwarehwdt graphical interface, able to simulate the dpmvaf various
renewable technologies, including CSP (Wagner dand Z012).

The software combines an extensive performance hatkeconomic analysis tools. It allows the useretrieve
data from hourly and totalized generation, therpeiformance, efficiency, levelized cost of eledtyi@and, capital,
operation and maintenance costs. The model of AM §/stems is supported in the Transient Systenuition Tool
(TRNSYS) software, developed at the University aé#dnsin, USA.

The linear Fresnel model SAM provides the perforoeaof a plant with direct superheated steam geinaratvhich
can adjust the temperature and the working pres3ime model also allows specifying whether the iséd uses
recirculation system or once-through (NREL, 2014).

The SAM uses hourly time basis to perform the satiohs such as the TMY file. Thus, the resultshef processed
variables can be visualized for the year 8760 hdtine SAM program begins with the choice of weathega file from
a particular location. After, the solar field anower block are configured. The parameterizatiothefsolar field in the
software was carried out with the help of NovatetaSCompany.

The data provided by Novatec Solar are supportedprevious work done by the company with NRELitowate
the performance and to validate the model implestkit the linear Fresnel model SAM (Wagner and 201,2).

4. RESULTS

The analysis of operational database collected ftbhen control system of the UTE-LCP, identifies thhe
maximum power generation of steam turbine (ST) ccéor low ambient temperature conditions, usuallyhe early
morning hours, mainly in the winter.

The decrease of the ambient temperature providgeater inlet air mass flow in the axial compressiothe gas
turbine (GT) and, therefore, it causes the elewatib the compressor discharge pressure and thatilavof the
pressure ratio, increasing the efficiency of theyBon cycle. Additionally, the high pressure aipyides a greater
cooling capacity of the combustion chambers andthédes of the first stage of the gas turbine vélig the increase of
the fuel flow and consequently the increase ofGhepower.

With the increase of power and mass flow from the éxhaust gases there is an increase of speedvaiidbde
heat in the gases to the HRSG, allowing an incredsbe superheated steam production and thussitlteein an
increase of the ST power.

In the operational database analyzed, the maximosereed output power of the ST is 61.58 MW. As gt
previously in this article the rated power of tHeiS 62.54 MW, so the unit has minimum availabiliiy0,965 MW for
additional power generation.

The steam turbine average efficiency in base loas determined with the help of the Engineering Egn&gSolver
software (EES). The inlet steam enthalpy was ptedithrough the pressure, temperature and massréiasfrom the
ST operational data. The electricity produced sy $T was used to determine the overall performahieas, the ST
average efficiency in base load is 29.6% with addad deviation of +0.5%.
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With these data, the simulations on the SAM to khbe performance of the solar field in the threalian cities
were carried out. Figure 5 presents a comparisaihe@®olar system performance for these citiesutifitca monthly
base comparative performance of the additionalef@ttric energy produced for the integrated soleldf It was
observed that the energy pruduced decreased antheof the wet period and in early winter, when ithgdente

irradiation is smaller than the other periods &f yiear.
I Aug. ‘ ‘ I Nov.

Sept. Oct.
m Trés Lagoas mCampo Grande Petrolina
Figure 5. Performance comparison of the solar sysia the three Brazilian cities.
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The analisis show that Petrolina has higher povesregation throughout the year than Trés LagoasGampo
Grande. This is due to some key factors, espediaktyto the greater availability of beam irradigrthe greater number
of operating hours of the solar system and thedsghuration of bright sunshine over the yeartaam be seen in
Tab. 2.

Table 2. Performance comparation

Annual Data Petrolina Campo Grande| Trés Lagoas
Bright sunshine duration, h 2,860.6 2,576.1 2,601.7
DNI incident in the solar field, MWh 10,3594 10,084.8 10,075.8
Solar system operating time, h 2,221 2,071 1,913
Field thermal energy produced, MWh 3,90p.1 3,471.2 3,577.8
Additional net electric energy output, MWh 1,104.2 976.6 1,008.2
Capacity Factor 0.142 0.126 0.130

It is verified that the annual additional eletriceegy produced by the integrated sistem with UTERLIG Trés
Lagoas is about 1,008.2 MWh with capacity factoDdf3. The solar-eletricity efficiency of this syt is 10%, which
meets with the data of Kalogirou (2011).

The proposed solar field is formed by 11 controkyjrwhere 8 are in the vaporization section arare in the
superheating section, summing up 5649.6 m2 of tmeonsurface. According to Novatec data, the ittati@n cost of
this solar field is about 1,129,920.00 USD.

Following the analyses methodology of EIA (2014ttbonsiders the cost recovery period of 30 yeaalsveeighted
average cost of capital of 6.5%, the levelized adstlectricity is USD 90.83 MWHh that is 48,5% lesser than the
minimum value of LCOE of a solar thermal plant lie tEIA (2014). This reduction in the LCOE is maicused by
the use of LFR without thermal storage and thermiseed to use investments in the power block.

5. CONCLUSIONS

Due to the presented analyses, it can be said theatproposed solar energy integration with an @gst
thermoelectric power plant has some competitiveaathges. The main one is the use of direct steaergion in the
solar field, which prevents exergetic losses bexanfsto successive thermal exchanges between differorking
fluids and eliminates the use of the thermal enstgyage system that presents technical difficuli@ther advantages
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are the reduced time and energy consumption fohélag¢ing of the CSP system at startup, the cosivetment is low
and use the structure of an existing plant.

The integration methodology presented in this stodyy enable the insertion of concentrated solarggn the
Brazilian electricity matrix, enabling the developnt of the CSP market and the improvement of tbierieal staff in
the area.

Through the simulations performed in the presentkwbwas found that the solar LFR field performanmodel
available in SAM can be used for the project iatan feasibility analysis of solar thermal intation with the
combined cycle of Luiz Carlos Prestes Thermoele&awer Plant.

It was verified the competitiveness of the proposedgrated solar combined cycle, which present© EGower
than the data presented in the U.S. Energy Infaomadministration (EIA, 2014).
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