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Summary

The incoming sun radiation can be convertedeiectricity directly with photovoltaic
technology, or transferred to a working fluid and then converted into electric energy into a
power plant. Costs of solar thermal collectors employed in sibomeé power plants are
noticeably higher than more matueehnologies one. A suitable alternative to exploit the
solar thermal energy is the integration of solar collectors in already existingftaskzd

power plants; in this way, the investment cost of the power block is avoided and solar thermal
energy is onverted at higher efficiency.

The present thesis work presents the analysis of several layouts of Integrated Solar
Combined Cycle (ISCCs) in terms of nhominal and annual performances and costs of the
electricity.

In the first part of the work, an analysitthe existing integrated plants and the state of the

art of the ISCC technology have been presented. Advantages and disadvantages of the
integration of solar collectors in different kind of power plants have been pointed out and a
literature review of pesent studies about ISCCs has been made. Several commercial solar
collectors have been analysed and a thermal model has been built to estimate the heat losses
of collectors receiver.

The reference Combined Cycle has been designed in Thermoflex®, usitgRBE
arrangement of an existing combined cycle and thermodynamic inputs from the European
Benchmarking Task Force (EBTF) document. The behaviour of this plant has been analysed
in off-design conditions and its annual performances have been obtained.

Thebase cycle has been used as a base to build the Integrated Solar Combined Cycle layouts.
Several different integrations on the bottoming cycle have been studied, including
integrations with revamping of some components. In addition, fuel preheating and sol
cooling hybridisations have been investigated. Nominal conditions evaluation has been
performed for all ISCC layouts.

Variation of temperature, effective DNI and load have been simulated for a defined series of
values, to obtain a good interpolatiorpaframeters; this is necessary in order to evaluate the
response of the power plant to meteorological conditions variation. The chosen location for
the ISCC is Las Vegas, with a typical desert climate, high annual DNI and high mean
temperatures. Meteorolmgl data for Las Vegas were taken from the National Renewable
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Energy Database (NREL). Effective DNI has been evaluated for each collector for every
hour of the year, starting from the calculated sun position.

To analyse the power plants behaviour at vaypperating conditions, both daily and annual
simulations have been carried out. It must be noticed that, with the aim of avoiding the
overload on the steam turbine, a control on GTs load has been activated to limit the inlet
steam turbine mass flow av@ut 115% of its nominal value. Yearly simulations have been
carried out for a power boosting scenario, assuming full load operation for 8760 h per year,
and for a fuel saving scenario, where the power plants had to follow a scheduled power
request.

Resuts of yearly simulations have been employed in the economic analysis. The cost of the
electricity produced has been evaluated, using the International Energy Agency (IEA)
simplified method, based on the Levelised Cost of Electricity (LCOE). A sensithatysis

on the main economic assumption (i.e. fuel price and solar field specific cost) has also been
performed.

Power boosting scenario simulations have been performed for all configurations analysed
and the ISCC layout with best performances has beemfdn this case, the parameter of
merit selected is the solar marginal LCOE, since it is the more appropriate for comparisons
among different solar configurations. Then, the best configuration has been simulated in fuel
saving scenario over a year peridd.this case, the LCOE is regarded as the suitable
parameter of merit, since it accounts for different fuel expenditures for the analysed
configuration.

In the last section of this work, considerations about obtained results are exposed. It has been
found that, thermodynamically, the best layouts are the ones that includes a superheating
section. The cost analysis concluded that the layout with integration of high pressure
evaporation only (EVA HP layout) shows the best compromise between additional
electicity production and incremental costs. However, the cost of electricity generated in
this ISCC results higher than the one produced in the reference combined cycle. In the fuel
saving scenario, EVA HP configuration has been compared with the referanbened

cycle and it has been found that the ISCC cost of electricity results lower.



Riassunto

L’ energia proveniente dal Sole puodo essere
grazie alla tecnologia fotovoltaica, oppure trasferita come energia termica ad un fluido di
lavoro. | costi della tecnologia solare termodinamica, utilizzata inantpsolari stand

alone, sono ancora particolarmente elevati, in confronto ad altre tecnologie piu mature.

Un’ alternativa-aa@linie, i meiramtfirustame | energ
quella di integrare i collettori solari in impianti fosgjla esistenti, risparmiando cosi il costo

di i nvesti mento del bl occo di potenza e <coc
efficienza.

I n questo |l avoro di t esi viene presenta | ' e
con la tecnologigolare termodinamica (Integrated Solar Combined GJYE€EC); ne sono

state valutate | e prestazioni nominali, |e

Per prima cosa¢ stata fattauna revisionede |l | a | etteratura e dell

tecnologia, evidenziandone le debolezze e i punti di forza. Le specifiche tecniche dei diversi
collettori commerciali sono state raccolte ed é stato implementato un modello termico per la
stima delle perdite termiche nel ricevitore, che saranno poiaatiézper le successive fasi
dello studio.

Per | > anali si del |l "integrazione e stato ne
combinat o, usato come base per gl i mpi ant
valutati il comportamento nomirek in condizionidiofi e si gn dur ante |’ ant

Sono state studiate diverse integrazioni nel ciclo a vapore, anche considerando alcuni casi di
ridimensionamento dei componenti della caldaia a recupero. Inoltre, sono state studiate
anche le integrazioni dolscambiatore di preriscaldo del gas naturale e in un ciclo frigorifero

ad assorbimento usato per il raffreddament o

Sono state simulate le condizioni di -aisign degli impianti integrati al variare di
temperatura, azione efficace e carico delle turbine a gas. | valori ottenuti sono stati

i nterpol ati per valutare il funzi onament o
|l a valutazione dell i mpianto e Las Vegas,
desertico, elevate radiazione annuale ed alte temperature medie. | dati metereologici per
guesta | ocalita sono stati presi dal “Natio
valutata la radiazione efficace per ciascun collettore, per ogni oraaleiln o .



Riassunto

Sono state condotte analisi giornaliere e annuadli Smpianti integrati per valutare la
risposta del ciclo integrato alle variazioni delle condizioni ambiente. Per evitare condizioni
di sovraccarico sulla turbina a vapore, € stato posto, conte lmassimo della portata in
ingresso, il 15% in piu della portata nominale. Per verificare tale limite si & tenuto un
controllo sul carico delle turbine a gas.

Due possibildi scenari di carico sono stati
funz ona per 8760 ore all’”anno al suo carico m
e imposto dalla rete (fuel saving).

I risultat:i ottenuti dall e simulazioni annue
costo del | ' el e stdator calcalatoautilizzando dilo metodo semplificato

del |l "I nternational Energy Agency, basato sul
stata infine fatto un’”analisi di sensibilita

campi solari e el combustibile).

Il caso di power boosting e stato valutato per ogni configurazione presentata; per questo
caso, il parametro di merito selezionato come piu appropriato per il confronto tra gli impianti

i ntegrati €& stat o cConfgadddbech@!l an e urhdrag imn all @ olr &
in condizioni di power boosting poi stata analizzata anchenmdalita fuel saving. In

guest’ ultimo caso, S i e effettuato il confr
guanto tiene conto delrisparmied combusti bil e che si puo ottt e
solare.

Le considerazioni ri guardo i risultat:i otterl
punto di vita termodinamico, rleviendtee dr a zmitcemgea a
del campo solaranchenella sezione di surriscaldamento L' anal i s dei cost

evidenziato che la configurazione migliore & quella che integra il solare sul solo evaporatore

di alta pressione (EVA HP); essa mostra il migiompromesso tra produzione addizionale

di energia e costi i ncrementalii. Il n ogni c a
ISCC e superiore a quello del ciclo combinato di base per quanto riguarda la modalita power
boosting. Infine, nello sceniardi fuel saving, dal confronto tra il ciclo combinato e il ciclo
i ntegrato si e ottenuto un costo del |’
qguell o dell i mpianto di riferimento.

el et t
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Introduction

Global energy consumption in the last half century has increased very rapidly and it is
expected to grow over next years. The energy demand has mainly been satisfied by fossil
fuels during the | ast century. |ossil80rée®, wor
was above the 80% of the total and the 68% of the electricity was generated through fossil
fuels[1]. However, the excessive exploitation of fossil resources puts the scientific world to

face two upcoming problems: the easycess reservoir depletion and climdtanmges.

The Fifth Assessment Report from the Intergovernmental Panel on Climate Change
(Working Group | Contribution to the IPCC, 2013) states that the human influence on the
climate system is clear. among the anthropogenic sources of greenhouse gasss,ath
energy represents, by far, the largest source of emissions. To be more precise, the 69% of
the total production, and the 42% is produced because of the electricity and heat generation

2.

There are several ways to ovemm these problems: carbon capture & storage (J8]S)
subsides for energyaving policies[4], diversificaton of supplies[5] and progressive
substitution of fossifuels based technologies for electricity generation with caftsen

ones, such as renewab]6kor nucleaf7]. CCS implies the removal of a G@ux by adding

new treatment units to the base plant withdw@nging the fuel employed but this leads to
higher costs and additional efficiency losses due teideatl removal processes. Finally,
increasing conversion efficiencies is a suitable option, but alone, it is not enough to achieve
the total goal of C® smissions reduction. The scenario presented by the International
Energy Agency (IEA) for the reduction of 48Gt of carbon dioxide emissions provides the
combined use of all the previously cited strategies Ksgarel).
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Figure 1: CO, emission reduction strategy effects , according to the[8EA

Renewable energies could be the most effective option in the energy production sector: in
fact, they are gendiga well distributed worldwide in contrast to other energy sources, their
carbon dioxide emissions are theoreticallyll and represent an alternative to the
conventional technologies.

Of all the availablerenewable sourcesolar energy is the moabundant one and it is
available almost everywhere. In the last years R&D focused on the photovoltaic systems
because of subside policies, especially in Europe. Nevertheless, the efficiency of solar panels
is still low, with nhominal values around the 20%igher or lower with respect to the
employed technologfd]; therefore thermodynamic conversion may be edfective
alternative, most of all because it allows thermal energy storage (TES) and integration with
conventional plants. Themodynamic solar technie®are still characterised by high costs

and low efficiencies but their implementation into conventional plants may be more
attractive; in this way the renewable resource can be exploited with the higher efficiency of
a more mature technology, thus reahgcthe cost of the solar electricity produced.

This work aims to point out the advantages of integrating the solar thermal technology with
the existing fossil power plants: the hybridisation may lead to synergies and to an efficient
use of both the resatgs, in order to make the solar energy dispatchable and more affordable
and to reduce the fossil fuel consumption.

1 CO; emissions from a renewable source power plant are not equal to zero because it requires energy, during
the construction, the operative life and the decommissioning, likely produced by fossil source.
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Solarhybrid power plants

There are two way®f producing electricity from solar radiation: photovoltaics and
thermodynamic systems. Photovoltaic solar systems produce energy by direct conversion of
the solar radiation thanks to the photovoltaic effa€l]; solar thermal systems instead
convert radiation into thermal energy to be used in conventional thplams.

Photovoltaic has already a large employment in the electrical production in distributed
generation (4100kW) [11], while trermodynamic applications are suited for large scale
power plants (above 10MW11]) thanks to scale economies and to the possikility
exploiting thermal storage which can improve the dispatchability of the electrical energy
produced.

The working principle of solar thermal power plants (STPPs) has ancient historic origins;
according to the legend it comes from the burning glasses used by Archimede, during the
siege of Syracuse, to burn the Roman shilf@}. The device was composed of 24 plane
glasses, arranged on a hexagonal rotating structure, where tita gierss was used to direct

the solar rays reflected by the lateral ones. Since then, many progresses were made until
professor Mouchout and his assistant Abel Pifre showed at the universal exposition in Paris
in 1878 a solar engine able to produce staathe pressure of 7 bar which could activate an
ice-making machine. The device included a parabolic mirror with a diameter of 4 m and a
boiler of 70 litres capacity. The American enginEeank Shuman made one of the most
important implementations of coentrated solar power (CSP) in 1913. Thanks to a subsidy,
he built in Maadi (Egypt) the biggest CSP plant existing: the solar field, made of 5 parabolic
trough collectors for a total area of 1208[d8], powered an engine which pumped 450 /s

of water used for irrigation and it could work even durirghtsé thanks to a thermal storage

with hot water. In 1964, Professor Giovanni Francia designed and built the first plant in the
world based on linear Fresnel reflector, the S. llario sun station located in Gédpva
conjunction with the petroleum crisis, in the seventies, ratiemtion was given to possible
alternatives to fossibased technologies. By the end of the 70s Sandia National Laboratories
started collaborating with SERI (Solar Energy Research Institute, now NREL, National
Renewable Energy Laboratory) in order to depeghe CSP technology. In 1984, the first
commercial power plant with parabolic collectors, the SEGS (Solar Energy Generating
System) I, came into operation in the Mojave Desert, California, a region characterised by a
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high solar irradiance. During the $0the research towards alternative CSP technologies,

such as solar tower, dish Stirling and linear Fresnel collectors continued. In 1990, after a
period of stasis in the research, 8 SEGS power stations were realised in the same location of

the first onefor a total installed power of 354 MW. In 1980s and 1990s, Solar 1 and Solar

2 power plant based on solar tower technology came into operation in CaljfdhiSolar

2 guaanteed operations during nights thanks to a thermal storage with molten salts as heat
transfer fluid. Molten salts are a mixture that is liquid at plant operative conditions and it can

reach temperatures above 500°C. Between 2006 and 2010, many solaplamigewere

realised: in 2007 PS10 in Spain and NEVADASOLAR 1 in the USA, in 2008 Andasol

Spain and Kimberlina in the USA, in 2009 PS20, Sierra Sun Tower and PE1 and in 2010
Andasol 2 and Maricopa. The launch of the largest solar thermal powef'plant,a n pah Sol a
Power Facility” in 2014 in the Mojave Deser
development of the solar thermodynamic technology. Anyway, costs of these kind of plants

are still very high to be economically competitive with moreéuretechnologiefEL6].

Today, the total nominal power installed of STPPs is evaluated to be of about 4,5 GW and
it is expected to grow up to 12,4 GW within 20[1]. The majority of the CSP market
share is covered by parabolic troutggthnology while solar tower and linear Fresnel
technologies have a limited share, as showhable 1. Solartechnologies will be further
discussedn Chapter 2

Parabolic trough [MW] Solar tower [MW] Linear Fresnel [MW]
Operating 1824 0,943 67,9 0,035 40 0,021
Coni?rﬂi;ion 2433 0,767 567,7 0,179 172 0,054
Under 1280 0,500 800 0,313 367 0,143

development

Table 1: CSP Capacity in operation, under construction and under development ir
[18].

1.1  Hybridisation

Solar thermal plants are based on the conventional Rankine cycle and so they take advantage
of well-known technologies. Howevetosts of solar equipment are very high, especially
because technologies applied are not enough mature to compete with conventional ones.
Moreover, capacity factors of this kind of plants are low due to the intermittent nature of the
solar energy. Thermatorage can release energy production from solar hours but investment
costs increase with increasing size of the storage. Cost analysis leads to the identification of
an economic optimum, which is a storage that allows the plant to work in the full load
condition for %8 hourg11].
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In order to reduce costs and maximise the energy production, it is possible to hybridize solar
producton with other plants of different kind. The integration can follow two different ways:

the first one is to consider the solar source as the main plant input while the fossil is used to
keep continuous operation in the plant, the other is to assume thlesjetem as the
dominant one. In this work, the second approach has been chose as a promising way to
exploit the solar technology since it can be exploited in systems with higher efficiency than
stand alone solar plants. As a consequence, following @asighs are referred to the
second approach. Hybridisation is achievable with different types of plant and it can be
categorized in several ways, first of all depending on the degree of intedi&jon

1 Light hybrid synergiesthere is a reduced interaction between the two plants, they
only share minimal plant infrastructwrerhis hybridisation result;n a minimum
cost saving but it can be useful to enhance the dispatchability of the host plant. An
example could be a system madeal§yoncentrating Solar Power (CSP) plant and a
wind farm which share the switchyard and substatibime thermal storage of the
solar pant can be connected to the wind farm through electrical heaters; in this way,
it is possible to store electricity generated in the wind farm during low price periods.
This is particularly helpful during winters when solar radiance is low and it is
difficul t to “fill” the theongal storage with

1 Medium hybrid synergiegplants are physically connected and they share major
equipment. Normally in this kind of integration the solar plant needs the
components of the host plant to operatdevnelast one can operate independently:
nowadays this is the most common type of integrat@mstsreductionis noticeable
but the solar sharglefined as the ratio between the thermal power of the solar field
and the total thermal power of the plaistjow, generally below 10% of the installed
plant capacity.

1 Strong hybrid synergiesplants are physically connectedhey share major
equipmentand the cost reduction is significafihe solarshare is normally higher
than 30%of the installed plant gacity, which meansystems where the solar and
the other energy sourgprovide for similar amount of steam to the shared turbine.
Termosolar Borges, a Z2MW. facility nearLes Borges Blanquda Spain,is an
exampleothis kind of plant: the facility combines a solar field of 24 MWith two
biomass burners of 22 Myéach.

The use of CSP systems fenhancing thermodynamic conditiond the steam
produced fromlow temperatures renewable sources is also included in thegstro
hybrid category.

The integration of solar technology into conventional plants can be performed in two ways:
fuel saving and power boosting. Fuel saving aims to reduce fossil fuel consuraptio
greenhouse gases emissions. Power boosting on the other hand consists in exploiting solar
field to increase the power plant output.


https://en.wikipedia.org/wiki/Les_Borges_Blanques
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Different plant types can be used as base plant for the hybridisation with solar technologies:
Rankine cycles fed whtcoal, biomasses, waste material or geothermal steam or gas cycles
(either simple or combined cycle). In the following section, different hybridisation strategies
will be discussed.

1.1.1 Hybrid solar-steam power plants

The solarcoal hybridization leads to several advantages: the plant can work at nominal
conditions during nights and periods of low solar irradiation, avoiding the installation of a
thermal storage. Moreover, the steam is converted with an higher efficéo@ relatively
larger capacity units and the plant can be built using an existing power plant, allowing low
implementation costg0].

1.1.1.1 CoalRankine cycles
The most common type of solateam integration is with coal Rankine cycles. This kind of
hybridisation can be implemented in countries like China or Australia, where a great part of
the energy generation is based on quaker plantd21], contributing to the reduction of
greenhose gases and increasing the efficiency of conventional power stations. This solution
can be particularly attractive for the repowering of small old coal power stf2idhs

The integration is applicable and effective in both the power boosting and the fuel saving
modes. In power boosting, modern cycles are able to acceptramart of about 10 +~ 15%

of the steam mass flow over the design turbine capacity; this solution is suited to cover the
peak load due to air conditioning that coincides with peaks of solar irradiation. On the other
side, the fuel saving mode, where the picitbn of the steam boiler is reduced, allows the
reduction of consumption and emissions, in addition to an increased thermal efficiency of
the steam boiler itsefR3].

Solar hybridisation with coal plants can be achieved in 3 main [£225[24]:

1 Preheating process arrangemetite solar field is employed in parallelttze plant
main boiler to implement the feadater preheatig (Figure 2). This layout avoids
regenerative extractions from the steam turbine thus emttgathe power output
thanks to a greater mass flow expanded in the turbine.

1 Boiling process arrangemerds shown ifrigure3, the solar field receives preheated
water and generates saturated steam. This steam is then sent to the superheating
section of the main boiler. There is no variation in steam flows withdifagva the
turbines to preheat the water.

1 Superheating process arrangemaentthis type of integratio(Figure4), solar power
is used to produce paof the superheated steam injected in the turbine, starting from
pre-heated water.

It is also possible to combine these layouts directly superheating the water from the
condenser.
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Figure 3: Solarcoal integration Boiling process arrangement
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Figure 4: Solarcoal integration- superheating process arrangement

It is possible to analyse the energy benefits from the different configurations in order to
understand which one gives the best advantages. General Electric Company carried out some
studies at this purpose, finding out that the best method for hybridisatim combine
evaporation and superheatifgs] because of the higher exergetic level of the steam
produced. This kind of integration needs higimperature solar collectors (above 250°C),
whose costs are still high. The Kogan Creek solar boost project (Queensland, Austialia) wi
44 MW of solar electrical power at peak conditions, still under construction, is one of the
coal plants with the biggest solar field integrated in an existing fhsdied plant. It
employs Linear Fresnel collectors in parallel to the boiler; thar ssieam generated is
injected in the cold reheat line. Also feedter preheating in a regenerative Rankine power
cycle is a convenient integration method, in fact it allows avoiding steam extraction from the
turbine enhancing the overall efficiency oktlycle; it appears to be the most practical
application for mediurtemperature integration because it avoids complex issues of direct
steam generation and integration with the boj@8]. It is also possible to use low
temperature solar collectors, which have poorer performance but are less expensive than
high temperature collectorginally, the solar field can also be used to improve the
combustion process by preheating of the combustion air.
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1.1.1.2 Non-coal Rankine cycles
Solarsteam hybridisation can be performed even in Rankine cycles not feed with coal, such
as those fuelled with biomsa, waste materials and geothermal. In particular, in these plants,
the steam reaches lower temperatures and it is thus possible to employ lower temperature
solar collectors, with a noticeable reduction of costs.

The integration between solar technologied biomass plants aims to decrease investment
and levelised costs of electricity and to increase power dispatchability. Early studies of this
kind of hybridisation took place in the 80s but, due to technical and financial issues, they
remained purely theetical[27]. The basic principles of this integration are similar to those

of the solafcoal one: the solar field can be used to produce live steam or to preheat feed
water or combustion air. Haver, if temperatures are generally lower than 430°C, the
conversion efficiency is limited19].The development ofhis technology is held back
because of the necessity to find suitable locations for plants, in terms of land and resources
availability. Several CSBiomass concepts have been investigated in the past but only the
previously cited Termosolar Borges waslb[27].

Solar and geothermal staatbne plants are very expensive, because of components such as
solar field and production wells. Thus, the integration can be useful to reach lower
investmentosts than the ones for single plants, allowing plants equipment to be shared. The
integration can be achieved in several ways, as, for examplewted heating or steam
superheating. As geothermal steam is generally at low temperatures (typicapQ5C;

6+10 bar), it is also possible to use the solar system to further superheat the flow, maximising
the cycle efficiency19] as inFigure5.
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1.1.2 Hybrid solargas power plants

The integration between solar systems and gas power plants can be performed both in a
Brayton cycle and in a Combined Cycle (C€)gure 6 summarisedifferent available
strategies.

Solar air Solar Solar bottoming

preheat hybrid  reheat hybrid cycle hybrid

' ' ]

Solar Heat Solar Heat Solar Heat

Solar Heat

[ > [chiller

V

Solar cooling
hybrids

Figure 6: Possible solagashybridisationlayouts— Adapted froni28].

Configurations here represented can be classifig@&j, [29]

1 Solar air preheat hybridsthe heat from the solar field is used to preheat the
compressed air before the combustion chamber. The air inlet temperature in the
combustor is determined lilie solar technology used for the integration. A solar
technology with high concentration facsois normally required, such as solar
towers; they are capable to preheat the air from 400°C (compressor outlet
temperature) to 800°C and above. There are several difficulties in the implementation
of this innovative design; for er#le, in the combustothere isa significant
variation of the air inlet temperatyreshich modifies combustion parametersieT
solar field presents sonmeoblens too;special king of receivers are needed in this
application heat losses must be minimised since temperatureseayehigh, so
evacuated solar receiver tubes muse be.usediadaysthe development of this
technologyis still at experimental statt Figure7,t he “ Sol gate”™ proj ec
it employs a volumetric receiver to preheat air up to about 10[BDIC
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9 Solar cooling hybridsthe Natural Gas Combined Cycle (NGCC) or the gas turbine
is equipped with an absorption chilfer gasturbine inlet air cooling and subsequent
power augmentation during hot dafisgure 8). In this integration there is no the
need to redt high temperatures solar collectos, so the loumedium temperature
collectors (100 + 200 °C) are particularly suited as seleinnology. Additionally,
this kind of system can be easily implemented to all kind of existing NGCC because
of its simple design.

1 Solar peheat hybridsthe solar reheating substitutes the duct burner for the post
firing. This operation requires the sple&ceiver to be capable of increasing the air
temperature from about 500°C up to 1000°C. Even in this case, the most suitable
technology is the solar tower.

1 Solar bottomingcycle hybridsthis category includes all the solutionswhich the
solar colleobr is employed to enhance the steam production of the heat recovery
steam generatoDepending on the solar collector used and on the characteristics of
the fossil plant, the integration point can vary slightly: the solar heat can be used to
replace or bost the steam produced in the evaporator, to preheat theviged in
the economisers or to produce superheated steam.

PSDI
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Figure 7: Solar air preheat hybridSOLGATE projec{30].
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Figure 8: Solar cooling hybrid29].

Solar air preheat and solar cooling hybrids can demented both in the Brayton cycle

and in the CC while reheat and steam cycle hybrids are related to CC only. Among the
possible solutions, the integration of solar steam into combined cycles seems to be one of
the most promising ways to perform the imgn between fossil plants and thermal solar
technology. In fact, combined cycle have both the advantages of having high plant efficiency
and of using a clean fuel. The solar bottoming cycle hybridisation will be further discussed
in next paragraphs.

1.2 Integrated Solar Combined Cycles

The growing energy demand of the last years required the installation of many new power
plants, which had to be characterised by high efficiencies and reduced installation times. The
high efficiency, together with low investmiecosts and restrained emissions, made possible
the spread of Combined Cycle power plants starting from the late 19B0<ombined
Cycles technology will be examined Ghapter 3

The Integrated Solar Combined Cycle (ISCC) hybridises a conventional combined cycle
with the solar thermal technology. The plant, basically, consists in a gas turbine, the Heat
Recovery Steam Generator (HRSG) with its own steam turbine and generdhiisalar

field. It can be realised as a boost of an already existing power plant, with low solar share,
bounded to technical limits of CC components, or as a greenfield power plant, which could
handle higher solar share.

Several advantages promote ISC@srasolar only power plants; for example, ISCC plants
have a higher solar to energy conversion compared to a solar only system, since the solar
steam is converted in a more efficient steam turbine. If the increase of the steam flow in the
turbine exceedshe maximum allowable limit, the steam turbine must be modified or
substituted. In this case, for an ISCC the additional cost of a higher size steam turbine section

12
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is lower than the overall cost of a dedicated steam power plant in a solar only [8&tem

[34]. The hybridisation allows an improvement in solar energy dispatchability, especially if
24-hour operation is required, since the host plant can sustain the minimuavéadhen

the solar system is not running. This configuration does not need a storage system, reducing
the investment costs. In a solar only power plant without storage, as solar radiation varies,
the turbine is subjected to sudden load variations, wddolhcause operational problems; on

the contrary, the hybrid plant steam turbine does not suffer from the daily start up and shut
down. One of the parameters that most affect the efficiency of a combined cycle is the
ambient temperature, especially if thiarg is equipped with an air condenser which is a
common solution for arid areas where the DNI is high and so the integration with solar
collectors can be most effective. When the ambient temperature increases, the mass flow
aspired by the compressor redacimplying a reduction of its power output and efficiency.
Moreover, air condenser performances decreases because of the higher condensation
temperature. The addition of solar energy can balance the gas turbine efficiency drop in off
design conditions ahthe improvement is more evident in very hot atmospheric conditions
[35]. In fact, as the DNI increases along with the ambient temperature, the solar hybridisation
could smooth the total power plant output during the day or during the wholf8g¢an

addition, the integration allows a gradual but greater diffusion of the solar thermal plants
towards a maturation of the technology at lower cost rather than in thesblariants

The main limit of the hybridisation is the maximum allowaldascontribution to the total
generated electricity (from the gas turbine and the steam turbine), generally it could reach
the value of 6% for the integration in an already existing Combined C3¢€]e[38]. A
feasibility study is needed, not only to evaluate the thermodynamic impact of solar
integration, but also to pdiut the physical and operational constraints of the existing plant
configuration[36]. First of all, physical limitations can be on the maximum land area
available for thesolar field, depending on the CC location. Moreover, heat exchangers are
designed to accommodate only the steam flow rate generated with fossil fuel: during daytime
operations, exchange areas are not sufficient to guarantee the nominal temperature because
of the augmentation of the total steam due to the production of the SSG. Instead, if the areas
were designed to provide the desired temperatures using the combined fossil and solar flow
rates, a higher efficiency could be reached, but attemperation digimtg or period of low
irradiation would become necessary to avoid excessive thermal stresses on components
materials. The solar field is often used to replace the latent heat of evaporation, with the
purpose of reducing the average temperature diffeseimcthe HRSG.

Another issue of the integration is that the steam turbine should have an higher size than the
one of a conventional plant in order to accept the steam flow from the solar field and, when
the solar steam generated is low or absent, theneiwill run at partial load conditions,

with low steam pressure and lower conversion efficiency. The higher the solar contribution
is, the greater the decaying of performance under part load condition wiB8heAn
alternative is to maintain the steam turbine unchanged to assure the lowest possible retrofit

13
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costs. Inthis case the maximum amount of solar integration is defined by the swallowing
capacity of the steam turbine and by the maximum pressure in the evaporating3®jums

Since ISCCs have several promising features, the purpose of this thesis work is to consider
the hybridisation of a base combined cycle with different solar technologies and with
different integration points, in order to study how the integration affects the plant behaviour
and which configuration may be the most effective.

1.2.1 Solar bottoming cycle hybridintegration point

Solar bottoming integration seems to be the most promising coafign between the ones
explained in paragraph1.2

In a conventional heat recovery steam cycle (HRSC), several possible points of integration
can be found, as illustrated Figure9, overlooking the solar technology employéd]:

1 EVA: thesolar steam generator (SSG) is fed witihwaterfrom theeconomizer and
it generates saturated steam, which is returned to the Hir @& supdreating The
waterfrom the economiser is split into two streams; a fraction is evaporated in the
solar field while the remaining flow is evaporated in the HRSG. The streams of
saturated steam are then mixed and sent to the superheater (SH).

1 ECOEVA: SSG is directlyfed from the deaerator; it firstly preheats and then
evaporates the water, which is introduced at the outlet of the evaporation drum. The
purpose of this configuration is to minimise thermal losses in the solar field, thanks
to thelower fluid average working temperature in the solar collector.

1 EVA-SH: SSG takes water from the exit of the economiser. Water is firstly
evaporated and then superheated in the solar field; this steam is further superheated
in the HRSG. Therefore, the HEBSsuperheater is divided into two stages: the low
temperature one heats up only the steam produced in the HRSG drum, while the high
temperature one heats up the solar and the fossil streams. This configuration aims to
achieve the higher exergy input frolretsolar collectors.

1 ECOEVA-SH: SSG receives water from the deaerator, which is preheated,
evaporated and superheated in the solar field. The generated steam is directed to the
high temperature superheater of the HRSG as in the previous configuratisn. Thi
implementation has the benefit of creating an independent pressure line in the SSG,
avoiding the reinjection of steam in the HRSG.

These four configurations can be implemented at any pressure level; in a conventional three
pressure levels HRSG, the me#ficiency way to integrate solar thermal energy is producing
high pressure steam because it allows the higher exergy level intedB&iioi39].
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Figure 9: Possible solar integration points in a combined cydelapted fronj40]

1.2.2 Performance paramets
In this work, some figures of merit will be used to evaluate the performance of the analysed
layouts.

Incremental solar efficiency accounts for how the additional heat given by the solar field is
converted in the cycle. It can be specified as dokatectrical or thermato-electrical
whether the efficiency of the solar field is considered of33pt[37].

Incremental solato-electrical efficiency:

6 0060 (1)
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Incremental solar therm#b-electrical efficiency:

o 0 (2)

Solar field thermal efficiency, which accounts for the absorbed solar heat over the incident
solar radiation:

C

& 000 (3)
Where:

Yo : power output increase of the steam bottoming cycle in the ISCC plant compared to
the NGCC plant;

0 : collectors aperture area;
O U ‘Oirect Normal Irradiance;
0 : Net heat absorbed by fluid in the solar field.

Solar Fraction is defined as the ratio of electricity generation boosted by solar heat compared
to the overall electricity generati¢86]:

o Y
o (4)
w :total power (fossil + solar).

Solar share accounts for the contribution of solar heat in the total heating load:

~
¥

v
& 00w 0 (5)

1.2.3 Bibliographical review

ISCC technology is an interesting hybridisation system and thus some studies have been
done and are available in literature. However, these studies are generally little exhaustive
about the considered integrations and, in most cases, they do not spelafywimch
assumptions the integration is performed (e.g. whether the cycle is projected from greenfield
or as integration of a reference CC). Moreover, in most cases, studies consider the revamping
of steam turbine and condenser because of the higher staamflow while it could be
interesting to study integration conditions whether tlled@mponents remain unchanged.
Finally, there is not a univocal definition of solar share, solar fraction and solar incremental
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efficiencies, so reported values are difet to compare among different articlés.this
paragraph, a review of available studies on ISCCs is presented.

The integration point is often on the maximum pressure line, since previous studies
concluded that a higher pressure and temperature saatiam point leads to higher solar
conversion efficiencief36]. Kelly et al.[38] found out that the best integration point is the
EVA in the high pressure line of a three pressure HRSG, achieving an higher solar-thermal
to-electrical effciency, about 40% against the 32% of the solar only power plant. Zhu et al.
[36] used the same configuration in their study and they obtained high incremental solar
thermalto-electrical efficiency (about 44%) for solar fraction up to 10%; for higher solar
fractions the efficiency decreases slightly, since the penalty for partial load operations during
night and periods of low solar irradiation increases with the increadirgplar heat
contribuition. Dersch et §B3] studied the EVASH configuration on the high pressure line,
obtaining an incremental solar therrt@electrical efficiency of 37,5% with a solar share

of 10%.

A. Rovira et al[40] compared all the four different ISCC configurations using a base NGCC
with a dual pressurevel HRSG. They found that the best kind of integration is the EVA
one, in parallel with the high pressure drum, because it is the best compromise between
power, irreversibilities ane , Which reaches the value of about 43%. The EVA

SH configuration shows similar performances but the EVA one results in a simpler
installation. The layouts with the fesdater preheating have lower efficiencies as there is
already abundance of low temperathheat from the exhaust gases, which otherwise would
not be exploited and the r registers values in the range of 32+38%.

Manente et al[37] analysed several configurations: also in this study the high peessur
evaporator only seems to be the best integration mode, since it reaches the highest
incremental solar efficiencies-( =29,7% — =48,73% net), the lowest
irreversibilities and the lowest collectors area requirdte ISCC assets that include the
preheating of the feedater register lower solar therrrakelectrical efficiencies (45,6 +

46,3% net). The analysis of the@ diagram shows an improvement in the matching
between exhaust gases and water/steam, due tedbetion of the heat load associated to

the evaporation at constant temperature. In addition, the usage of the solar source to generate
superheated steam worsens the thermal matching, since the exhaust gases are not completely
exploited.

Cau et al]41] analysed two ifferent ISCC configurations, both based on the same triple
pressure HRSG: in the first one the SSG produces steam in parallel to the high and medium
pressure drums, in the second one the solar heat feeds a complete pressure HEB¥AECO

SH) in parallel ® the high pressure one. The EVA solution allows reaching better conversion
efficiencies, but the maximun©®  is about 10%. EC&VA-SH configuration allows
reaching a greater power output.
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An alternative twestage ISCC was proposed by Li ef4P]: a double pressure level NGCC

is integrated with the EVA configuration in both the drums of the HRSG. The optimum
working parameters of the HRSG, in order to enhance the system performances, are pointed
out. — r  achieves the value of 29,8% (thatdis r = 45,85% considering the
nominal efficiency of the solar collector) for the optimised system. This solution is compared
to an ISCC with the integration in a single pressure drimglésstage integration); the two

stage cycle shows better results than the single stage one. Moreovershagavmtegration

allows reaching lower stack temperatures, resulting in better thermal matching in the HRSG,
and achieving higher solar shardé 23,8% versus 23,1% of the single stage). Petela et al.
[43] studied a plant that uses the solar heat input to produce steam in parallel to each drum
of the three pressure levels of the bottoming cycle. The solar thermal input to each drum is
accounted through a dynamic allocation control law, whatimises the irreversibilities of

the solar collectors, giving the priority to the medium pressure level collector that showed
the best thermal efficiency.

Montes et al[35] analysed the same ISCC configuration in two different geographical
location, Almeria (Spain) and Las Vegas (USA). The solar field is coupled to the high
pressure level in the HRSG following the E.EYA configuration. The highest annual

— r IS registered for the site of Las Vegas: its low value of 27,3%, even considering
that the results are referred to an annual simulation, confirms that the use of solar heat input
for the feedwater peheating involves a penalty on the o

The following table (

Table2) summarises previous studies about the integration of the solar field into NGCCs.

Table 2: Summary of published studies on ISCCs.

HRSG . .
Authors Year | pressure Sdar Integration Heat Tr_ansfer CSP technology
point Fluid
levels
G. Cau et al. 2012 3 HP ECOEVA-SH CO2 PT
[41] 3 HP EVA + IP EVA CcCO2 PT
. HP ECO 2- HP .
A. PZ[d[IA(,:E]IZZI et 2015 5 EVA - HP SH (mix Thermllnol VR PT
' prima dell'SH)
M'JAIM[ggﬁeS et 2010 2 | HPECO- HP EVA DSG PT
J. Dersch et al. 2004 1 HP EVA- SH HTE PT
[33] (lieve)
HP ECO 2- HP .
G. Barigozzi | , 2 | EVA-HP SH (mix Therm'lno' VP PT
[45] 013 prima dell'SH)
2 Combustor Air Central receiver
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Table 2.1: Summary of published studies on ISCCs (continued).

HRSG Solar integration| Heat Transfer CSP
Authors Year | pressure . luid hnol
levels point Flui technology
H. 1 EVA-SH DSG PT
Nezammahalleh| 2010
et al.[46] 1 EVA-SH HTF PT
G. Zhu et al[36] | 2014 3 HP EVA DSG PT
3 HP EVA TherminolVP1 PT
3 HP EVA-SH1 Molten Salts PT
3 HP ECO3-EVA Molten Salts PT
G. Manente etal| . - - SH1
[37] 3 HP EVA-SH1- Molten Salts Central
SH2 receiver
3 HP ECO3- EVA DSG Linear Fresnel
3 HP ECO3-EVA DSG Linear Fresnel
- SH1
2 HP EVA PT
2 HP ECOEVA PT
2 HP EVA-SH TherminolvP1 PT
HP ECGEVA-
A. Rovira et al. 2012 2 SH PT
[40] 2 HP EVA PT
2 HP ECGEVA PT
2 HP EVA-SH DSG PT
HP ECGEVA-
2 SH PT
K. Petela et HP EVA + IP
al[43] 2015 3 EVA + LP EVA SYLTHERM 800 PT
M. ngn] etal. | 5504 1 EVA HTF PT
. HP EVA + LP
Y. Lietal.[42] | 2014 2 EVA DSG PT
B. K%‘%’]Et al. | 5001 3 HP EVA HTF PT
C.Ojoeta[39] | 2012| 3 HP ECOEVA- / Central
SH receiver
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1.3 Existing plants

Currently, a small number of plants already exploit the integration with solar thermal
technology, the following tableT@ble 3) reports a summary of the operative integrated
plants. As it can be seen, integrated solar combined cycle is nowadays the most frequently
performed solution for the solar integratjalthough the number of existing plants is very

small.
Table 3: operative solar integrated cycles worldwide.
Heat HRSG Solar
Plant Location Overall | Type of csSP Transfer | pressure| integration
power | plant |technology . :
Fluid levels point
Hassi R'Mel| Algeria | 150 MW| ISCC PT Thgfg,“l'”f)' 1 EVA
Ain Beni Therminol
Mathar Morocco| 470 MW| ISCC PT VP2 3 /
Kuraymat | Egypt |140 MW| ISCC PT Trl/eF';Ta' 1 EVA-SH
Yazd Iran |[467 MW| ISCC PT / 2 HP EVA
Archimede | Italy |760MW| ISCC | PT  |MoltensSalts 3 HP ECO
] EVA- SH
Martin Next . 3750 Diathermic
Generation Florida MW ISCC PT oil / /
Termosolar . 22,5 ,
Borges Spain MW biomass PT HTF / /
Kogan Creek Australia| 750 MW| coal Fresnel DSG / /
Liddell
thermal | Australia] 50 MW | coal Fresnel DSG / /
station
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Solar collectors

The integrated solar combined cycle, as described in the previous chapter, integrates the
steam produced in a thermodynamic solar collector into a standard combined cycle. In this
chapter solar collector technology is presented while the next chapter wilsslisite
combined cycle technology.

A solar collector is a highbsorptance and trasmittance, {mflectance,
radiative/convective heat exchanger that emulates as closely as possible the performances of
a radiative black body in the visible light spectr{if)]. Solar collectors technologies can

be classified ij47]:

1 Low temperatures solar technologiesed for the production of household hot
water, for pool heating and industrial processes; they can reach temperatures up to
120 °C.

1 Medium temperature solar technologiesnployed in solar cooling, process heat
generation up to 250°C.

1 High temperature solar technologiassed in power generation sector, with
temperatures above 250°C.

Solar collectors can be divided in concentrating and-ammtentrating/plane. For plane
collectors, the area which absorbs thiuseadiation is the same that intercepts the solar
beams, while concentrating solar power (CSP) collectors have several reflectors that focus
the solar beams onto a receiver with a smaller area.

CSP collectors are characterised by the use of mirroemsiith order to redirect the incident

solar radiation, received on the collector surface, to the smaller surface of the receiver. These
systems have several advantages, first of all the possibility to reach higher temperatures,
col |l ect i-qnuwa |“areigyg’and to reduce thermal losses in comparison to non
concentrating collectors, thanks to the smaller area of the receiver. The temperature increase
leads to higher surface temperatures and consequently to higher radiativahasses, be
reducedfor linear collectorswith the use oselective surfaces and vacuum receivEngy
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can also exploit the solar direct irradiahcen

a better

way but

they' r e

diffusive radiation. For this reason CSP collectors need a trackingrsgatewithout it solar
radiation would be collected on the receiver only for few minutes per day

CSP technologies can be grouped following two different criteria: the typology of focusing
and the receiver mobility. The receiver can be fixed, if it remstiasonary independently

from the concentrating system, or aligned, when it moves together with the concentrating
system.Fixed collectors derive from the projection and the segmentation of paraiolas
tracking systems on a plarollectors can also bdistinguished in linear focus collector,
characterised by a singéis tracking system, and point focus systems, that havaxiso
tracking and can reach higher concentration ratio (CR) values. CR is defined as the ratio
between the receiving surface atig collector surfacerigure 10 summarizes different

typologies of solar collectors.

Receiver mobility Line focus Point focus
Linear Fresnel Solar Tower
Fixed ® Solar Tower
Curved
Receiver remains stationary and mechanically i Q TR0 A
independent of the concentrating system, [ . od

which is common for all the mirrors.

[y
Absorber tube
and reconcentrator

\T\ <‘\ (7577
SlugE ,i Yy

Heliostats

Tracking/aligned

Receiver and concentrating system move
together. Mobile receivers enable an optimal
arrangement between concentrator and
receiver, regardless of the position of the sun.

Parabolic Trough

«— Solar field piping

Parabolic Dish

Raflactor

Increasing optical efficiency

e

Figure 10: Classification of solar collectors based on typology of tracking and focj48ihg

2.1 Heat Transfer Fluid and Direct Steam Generation

Aouaioi1jja |eo13do Buiseasou)|

The heat transfer fluid (HTF) is the medium that is heated up in the absorber. Several kinds
of fluids can be employed in solar fields. The most common HTF is a synthetic oil, such as
Therminol VP1, used in the majoribf commercial systems. The use of synthetic oil has
several advantages, such as its high vapour pressure, the reduction of freezing risk (freezing
temperatures of about 12+20°C), a high thermal stability in the operating range, low
viscosity, with reduddn of problems in staip and pumping, and low fluid corrosiveness.
There is also the possibility of implementing a thermal storage system, but it usually requires
an additional heat exchanger since molten salts are preferred as storage mean. On the othe
side, there are also disadvantages; first of all the maximum reachable temperature, which is

2 Due to the scattering effect the global solar radiation can be divided in a diffusive component and a direct

component, which can be used by the CSP systems.
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set to about 400°C in order to avoid problems of chemical decomposition of the oil. In
addition, it is necessary to take precautions to prevent thermal oiglesakacause it is toxic

and can cause fires. To prevent evaporation at the operating temperatures, the HTF works
under pressure of about 25+35 bar. Oi | IS
These disadvantages push tasearchers to fingearch for alternatives to the synthetic oll

[49].

Molten salts are a possible alternative to synthetic oil. Hreya mixture of salts, solid at
ambient pressure and temperature and liquid at operating temperatures of solar collectors.
For example, the mixture used in Archimede power plant (Priolo Gargallo, Sicily) is made
by sodium nitrate (NaN©~ 60% w/w) and patssium nitrate (KN@~ 40% w/w). Their

main advantage over the synthetic oil is the possibility of reaching higher temperatures, up
to 550°C. They are also cheaper, with <cosi
flammability problems and they can bsed with lower working pressure (~1+10 bar).
Moreover, the storage system heat exchanger (if present) can be eliminated, since the solar
field and the thermal storage use the same fluid, and the size of the storage can be reduced.
Their principal disadvaage is the high freezing temperature, with difficulties in managing

at night and the necessity of precautions to avoid the solidification, such as electric heating
tubes or circulation of hot fluifbO0].

Another possibility is the production of saturated or superheated steam directly into the
receiver tubes: this technology is called Direct Steam Generation (D$S@)sIway the
maximum temperature limit and the cost of thestédam/water heat exchanger can be
avoided. This is an attractive concept: the average operating temperature in the collector
would be higher and the use of a phase changing fluid reducesqgthieed water flow, the

size of the solar field and its investment costs too. Water employment can also avoid risks
related to the use of oil, such as fires and dangerous leakages, but also O&M costs for the
oil (i.e. oil reintegration for leaks, antifree protection for temperatures below the freezing
one).If direct steam generation is employed, it is preferable not to reach the saturated steam
conditions in solar field piping in order to maintain good exchange performances and to
avoid excessive therrhatress on the receiver tube. Normally, the steam produced has a
quality minor than 1; steam and water fractions are then separated and saturated steam is
sent to the cycle or to the superheater (depending on the plant configuration). The liquid
fraction is recirculated to the evaporative section in2EG technology introduces new
challenges for the solar collector technology, such as problems of process stability, stress in
receiver pipes because of high steam pressures (~100 bar), difficulties tol ¢batr
temperatures along the absorber tubes and high steam losses. For these reasons, the DSG
technology is more suitable for LFC, since it has a fixed receiver and the sealing problems
on joints of the receiver are avoiddd].

Some experimental facilities and studies are made on the use.alr ©er pressuzed
gases as heat transfer fluid with the aim of avoiding the problems of freezing, sealing and
chemical stability to increase the maximum temperature Ij4ii.
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2.2 Low temperature solar collectors

The most common technologies in the field in the range of low tempesaiteehe Flat
Plate Collector (FPC) and the Evacuated Tube Collector (ETC).

The FPC is a loveost technology made by an absorbent dark plate that can be selectively
coated, a piping system, an insulation layer and a covering glass as shoguréil. The
working principle of this system is based on the ability of the glass to be transparent to the
solar radiation but opaque to the infed radiation and on the high absorptivity of the dark
plate. The radiation collected is used to heat up the iftuide piping tubes, usually water

or glycol, up to 60°C.

Figure 11: Example of flat plate collect¢b1].

A possibility to reduce the investment cost is to use collectors without the covering glass,
but this implies thermal convective losses too high in winter and for this reason they are
mainly used for pools or residential dipptions.

The ETC is an attempt to i mprove the plane ¢
above 100°C. They are made of series of evacuated glass tubes with the aim to reduce
thermal losses and improve the conversion efficiency, about 15% higimethe FPC. The

heat can be collected in two different ways:
which the fluid is heated up and then give its thermal power to the user, and the other one is

an heat pipe in which a phase change fluidutateq47], [51].

2.3 Medium temperature solar collectors

Compound Parabolic Concentrators (CPCs) are one of the most common technology in the
medium temperature range. They are included in theimaging collectors category, so
called because they do not attempt to form an image of the source, but optinagtctle
system to maximise the radiative transfer from the source. The two sides of a CPC are
designed using two different parabolas with the focus on their frontSigier€ 12). They

can receive the solar radiation with a wide incidence angle and all the radiation that enters
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in the aperture within the acceptance angle is conveyed on the absorber. They can be
cylindrical or plane and they are usuatlyvered with a protective glass.

Axis of
cec

_d.w,m..i/

Acceptance

1 angled v
Axis of \4/ W Axis of
parabola A parabola B
\ X /
% /
\ /
\\ L/
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Figure 12: Schematic design of a CPC colledibi].

PT and LF systems for high temperature can also be easily adapted to medium temperature
applications. Often, the structure remains unchanged and only the CR is reduced. The
receiver can be evacuated, to reduce thermal losses, similar to the PTC fomipigitatares,

or without vacuum, to reduce investment costs. For lower temperatures the external glass
can be also removed and substituted with a plane covering glass: in this way the receiver is
displaced into a close chamber to avoid excessive conveatised.

2.4 High temperature solar collectors - Point focus systems

Point focus systems concentrate theoretically the radiation in a single point. They are
characterised by twaxis tracking systems; this allows reaching higher CR (up to 40000
[52]) and so higher temperaturegp(to 12D0°C theoretically, the effectiveperational

temperature is then defined also by the heat fluid employed). These systems are parabolic

dishes and solar towers.

Dish systems are made of a parabekdped mirror which concentrates sunrays in a central

point. Usually, in the focus point diding engine is placed but also applications with steam

engines exist[53]. Dish Stirling systems can reach the highest sun to electricity conversion

(up to 32%)[54], but

t hey

don’ t

dispatchability, since they a rhave a storage system.

exploit some
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Solar tower systems are made of large mirrors collector, named heliostats, which reflect and
concentrate solar radiation onto the receiver, placed on the top of the tower. They are
generally flat or with a small curvature.

There are two principal layouts of the solar field: surround field and north field (south fields

in the southern hemispheré. the first one heliostats surround the receiver, while in the
second one they are just on the north side of the tower. The second disposition underlines
higher efficiencies for high latitude or high incidence angle while the first is better suited for
location close to the equatdrl]. There is also the possibility to build the solar field with a
configuration in between the prev®anes. The solar field layout also depends on the power
plant size: as the size of the solar field increases, external mirrors become farther from the
central receiver and the optical losses become more important. For this reason, even for high
latitudes the first layout can be more attractive for big power plants, since the reflectors are
closer to the central receiver.

Figure 13: Solar field dispositions: surrounded field in Germasolar thermosolar plant (left f
[55]) and north field in Abengoa Solar power plant (right fig&®), Spain.

The concentration ratio in this case is definable as:
0 € 04K 1CENI QI @dd IQdE D
I Qu'Q®DL QW 0 (6)

Wheret is the total number of the heliostats @ndthe area of the single heliostat.

There are different types of central receivers: tubular and volumetric. The choice depends
on the particular application and on the heat transfer fluid employed. Tubular design is
normally used for water boilers and molten salts receivers because thehiglaveeat
transfer coefficient and so tube temperature can be controlled. Volumetric receivers have a
porous structure which increases the heat transfer surface and allows the highest
temperatures reachable with solar tosgstemstheycan be a suitablehoice in particular

for gaseous fluid
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Generally, increasing the height of the tower helps reaching higher efficiency because higher
CR values can be reached and shading and blocking among heliostats are minimised, as well
as cosine effect.

2.5 High temperature solar collectors - Linear focus collectors

Linear focus concentrators aredmensional systems which concentrate solar radiation
onto a focal line in which the receiver is placed. Concentrators can be made up of a parabolic
curved mirror (Paraboli€rough systems) or of segmented mirrors with different curvatures
(Linear Fresnel systems).

Solar incidence angle affects system performances, so concentrators are usually dynamic
devices that follow the apparent daily movement of the sun minimisindeimcé angle.

Solar collectors orientation may be imposed by the shape and orientation of the site where
they are installeftLO] so it can be in a general direction; normally, however -ttt (E

W) or North-South (NS) ones are preferred. In particularSNbrientation allows collectors

to follow the sun in itsAamuthal motion with a single axis tracking. This guarantees higher
yearly energy outputs even with a noticeable seasonal variation. In fact, the impact of solar
altitude is not balanced by the tracking system and the influence of the solar incident angle,
at moderate latitudes, is more significant in wintelMVEorientation, instead, follows the

solar altitude so performances are governed by solar azimuth; in this way annual electricity
output is more uniform during the year ($8gurel4). At different latitudes the results are
slightly different in quantitative terms, the trend is the same but the differences increase at
lower latitudes and decreassshigher latitudefl1].

14000 - ———————— e —— — -
el E-W
12000
— 10000
> il N-S
= 8000
c
2 6000 MEAN
& 4000 E-W
2000 MEAN
0 N-S

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure 14: Monthly energy productionin Aimeri@3 6 ° 50" 0" wilh diffeRefit
parabolic trough orientatidb2].
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Forlinear focus concentrators, the concentration ratio is defined as:
v wn Qi @dun
Goi € 1oddia Qo Qi (7)

Eventually, the circumference of the absorber can be used instead of the diameter in the
definition of the concentration ratio.

2.5.1 Parabolic Trough Collectors

A PTC (Parabolic Trough Collector) is made up of a parabolic trshgiped mirror that
reflects and concentrates solar radiation onto the absorber tube, which is located in the focal
axis of the parabol&igure 15 shows a schematic representation of a parabolic collector.
Concentration of the direct solar radiation reduces the absorber surface area needed with
respect to the collector aperture, redgaiverall thermal lossg40].

Central
Heat Pipe

Parabolic Shaped

Reflective Trough .
Fluid Out

Reflective Coating
or Mirrors

-~
Raotational W
Axis

Collector

Fuid IN Suppoits

Figure 15: Schematic representation of parabolic trough refld&dr.

2.5.1.1 Reflectors
Reflectors must guartee endurance and good performances even in adverse conditions. In
fact, they can be installed in desert locations, where there are the highest solar radiation
values and the greatest land availability, but also a great sand transportation which can
consune mirrors and reduce their reflectivity. However, reflectors must maintain a high
reflectivity over the years so they are normally covered with a layer of protective coating
which increases reflectivity and reduces weéeats. They are also periodicaltjeaned,
implying a certain water consumption.
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Mirrors reflectivity (p) is normally defi ne
0° where it assumes the highest value. However, it varies with the incidence angle,
modifying the optical perfornmeces of the system.

There are several kinds of troughaped mirrors; they can be made by a glass layer and a
reflective silvered film (like Flabeg technology) or by multiple layers of polymer film with

a pure silver one (Skytrougg8], [59]. An alternative is provided by polished aluminium
which has better characteristics in terms of weight and resistance even though it has lower
reflectivity and durability than silvei1].

Mirrors are placed onto the parabolic structure which has normally -@xsdracking
system; this means that the parabola can rotate in order to follow the apparent motion of the
sun. Collectors distance should be optimised in a way to minimise shadoWwimge
collector on the other, to avoid additional efficiency losses.

2.5.1.2 Receiver
The solar energy that hits the reflector surface is reflected on the receiver, increasing its
temperature and heating the fluid that circulates in the receiver. The reeenp&rature is
higher than the ambient temperature and it causes the presence of thermal losses towards the
ambient. The balance equation for a receiver can be written as:

0 0 0 | YO0 0, - Y Y (8)
Where | is the receiver absorptivity,, is the StefarBoltzmann constant
vhp YJp T —— , - is the thermal emissivity of the receivély is the receiver

temperature antyY’  the ambient temperature.

The higher the absorptivity and the CR are and the lower the emissivity can be kept, the
higher the useful heat gained by the receiserTherefore,lte receiver is made of a steel

tube with a selective coating layer, which improves absorption propeiti@s the solar

spectrum, maintaining low emissivity in the thermal emission spectrum and reducing
radiative thermal Is s e s . Accor di ng[60} for edah .wavklength, the | a w
absorptivity and the emissivity are equal; sonaterial with high missivity for short
wavelengths and low for long wavelengthsieededSelective coatings are generally made

by aluminium and titaniuroxides (CERMET) and they are applied by the chemical vapour
deposition technique. Recent coatings can withstand tube temperaturestdds0°C with

significant thermodynamic advantadég], [62].

The receiver isurraunded by a glass tube (normally made by Pyrex®) in which vacuum
conditions are made (typically -infbar{63]); in this way the absorber coating is protected
from oxidation and convective thermal losses, signifieamigh temperatures, are reduced.
However, receivers with operative temperatures u@30°C generally do not require
vacuum conditions as thermal losses are less imp¢ii@niGlass tubes are also coated with
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an antireflective layer which maximises solar transmittance, limiting reflective losses. In
order to maintain correct pressure conditions inside the vacuum annulus and to protect tube
coating several chemical getters are placed in the cavity. They adsorb hydrogen or other
gases which can gather inside the gap because of cracking reactions at high temperatures (if
the thermal fluid is synthetic oil) and mass diffusion through the tube.

Steel ad glass tubes have different thermal expansions which must be compensated in order
to guarantee adequate work conditions, so they are connected by means of flexible expansion
bellows. Glassnetal welding is a weak point of the structure and it is usgalyred with

an aluminium shield in order to protect it from concentrated solar radiation which may cause
thermal and mechanical stresses.

In Figurel6, principal components of a typical receiver are shown.

Glass pin to evacuate the air  Vacuum between glass Glass-to-metal welding
and steel pipes

s A | _afnnann
e
Li-- -J-\’_j . .—\)-Inihii
VUUU U SR -f U
Steel pipe with _ Chemical  Expansion
selective coating Glass pipe  Getter bellows

Figure 16: Heat collection element of parabolic trough collectoeslapted fronj10].

Manufacturing constraints limit the length of the single receiver that mushdréer than
4m[64], so the complete receiver is made up of several welded receivers making a module;
the total length of a module is normally about 100+150 m in order to reduce movement
system costs and collectors end losses [jaeggrapt?.6) [52]. Receiver tubes of adjacent
parabolic modules must be connected by flexible joints, in order to allow independent
rotation during the day; two types of joints are available, ball joints and flexible hoses. Ball
joints allow higher freedom of mokeent and can bear higher temperatures (over 300°C).

2.5.2 Linear Fresnel Collectors

A LFC (Linear Fresnel Collector) is based on the similar concept of a Parabolic trough but,
instead of a single mirror in the shape of a parabola, the reflector is maderaf ptasge

mirrors which are placed on the ground and can be moved independently one to another. The
receiver is still in the focus line of the collector but it is fixed. Compared to parabolic troughs,
this is a newer technology but it shows potential ecoo@dvantagefl1]:
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Lighter structures thanks to groubdsed mirrors and reduced wind drag effects;
Easier cleaning of the mirrovéith reduced water consumption:

Reduced shadowing between collectors rows which minimises land areas required;
Fixed absorber which does not require expensive rotating joints as the PTCs;
Reduced tracking energy consumption;

Higher concentration rativan parabolic system because it is not limited by parabola
aperture width.

=A =4 4 A4 -4 4

Their principal disadvantagesethe lower nominal optical efficiency and the strong off
design performances penalty. In addition, there is the blocking effect between mirtors tha
further reduces the optical efficiency of LF&Sexplained inparagrapi2.6.2

Equation( 7 ) can be written, specifically for Fresnel, as:

0'Y £ I (9)
0O
Wherew is the aperture of each mirrd®, is the absorber diameter abds the number
of mirrors.

2.5.2.1 Reflectors
The type of mirrors employed is very similar to the one of PTCs, though their layout is quite
different. Primary reflectors are place@ In above the ground, they are flat or with a small
curvature and they have different inclinationrderto concentrate solar radiation into a
focal line, as shown iRigurel7. A secondary mirror with the shape of a CPC seagraph
2.3), canbe placed abee the absorber to reflect solar radiation coming from primary mirrors,
increasing the conagration ratio of the single absorber tube and the intercept fadiach
takes into account that not all the rays reflected by the mirrors hit the receiveesurfac
Moreover, the secondary reflector can insulate the absorber from the artiismé&lucing
radiative thermal losses) fact the receiver sees the reflector temperature instead of the sky
temperature, whicks lower.

Sun's Rays
Axis
Receiver
Reflective
Areas
e —
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Figure 17: Linear Fresnel@ncentratoconcep{65].

2.5.2.2 Receiver
The absorber tube for Fresnel systems has the same physical properties as PTCs one. The
layout is simpler, since it is fixed, and so connections are much easier. Three heat collector
concepts are available, asHigure18:

1 Single absorber tube;
1 Secondary reflector;
1 Cavity receiver.

Glass tube Secondary receiver .
N\ Insulation |n5U|?_'_T'°”
2
/
Glass plate - ‘ \
Absorber tube Absorber tube Absorber tubes
Single absorber tube Secondary concentrator Cavity receiver

Figure 18: Heat collection elements adopted for LAQ].

The single absorber tube is similar to that of parabolic trough, the steel tube is surrounded
by a glass one in order to limit convective thermal losses. The secaodagntrator layout

uses the secondary mirror and a glass platebe put under the receiver in order to limit
convective losses. A different design is based on multiple absorbers placed in a cavity which
provides thermal insulation. The last two confafions allow the increase of the intercept
factor, but they are more expensive and complicated than the firsteanadd optical losses
because insulation and secondary reflector shadow part of the primary reflector.

2.6 Performance parameters
The radiatm avail able from the sun can’t be comp
since there are several losses before the heat reaches the receiver. The optical efficiency is

defined as the ratio between the heat absorbed by the receiver and the inadeadisdion
upon reflectors:

- B050 (10)

The collectoiheat losses are defined as:
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(11)

The thermal efficiency is defined dsetratio between the useftieat gained by the fluid

(0 ) and the heat absorbed by the receiver

Q T

U U

-7 P &soie

Finally, theoverallsolar field efficiency is defined dsllows:

Where:
— : collector optical efficiency-|

0 :total mirroraperture areax
"Y: heat transfer global coefficient—

"Y : receiver temperature
"Y : externalambient temperature

0 :receiver aread

0 U gPirect Normal Irradiance —

(12)

(13)

Y includes convective and radiative coefficients ands a function of the receiver
temperaturéY. —is the angle between a incident ray on the collector agearea and the

normal to the surface at the point of incidence.

Thermal losses are approximately constanth@sO 0 “@aries; for this reasgqrthermal

efficiency increases witthe'O U '@ the following paragraphs the efficiencies for each solar

sydem are described.

2.6.1 ParabolicTroughs

The peak optical efficiengylefined for solar incidence angle equal tofér a PTis:

3 Direct Normal Irradiance DNI [W/m2]: amount of solar radiation received in a collimated beara surface

normal to the sun at its current position in the sky
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Q& 01006 0 ROEDGI £1 GO1
- 6 Q& Q1000 0F RFNT £ (| (14)
Where:

t : covering glass transmissivity] [
| :receiver absorbancq [

[ :intercept factor

. mirror reflectivity []

| ,T.,” and mustbe as high as possible in order to maximise the heat gakes into
account that not all the rays reflected by the mirrors hit the receiver surface; it depends
mainly on receiver and parabola geometries, tracking errors,tidireof sola beams
(parallaxesngle) and the parabola deformation caused by external(icadgind and other
atmospheric events)

Solar field efficiency strongly depends omperating conditions, such as ambient
temperature, wind speed, sun position and saldiation. The overall optical efficiency i
influenced by several factors:

5 - R 0—— - (15)

Where— is acoefficient which includes losses caused byrtheual mirrorsshading

in some hours of the day (first hours in the morning and last hours in the evening). It is
evaluated as:

| ET Ao g 2
- B Y- (16)
Whered is the spacing length between rows ands the zenith angfe

— takes into account the penalisation caused by the lack of irradatitme tail
end of the receiver, as shownHigure 19, and by the spillage of rays over the end of the
receiver

4 Angle between the central ray of the sun and the line perpendicuts horizontal plane.
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Beam radiation

Figure 19: Schematic representation of receiver end logs2s

- can be evaluated as:

~ .. O
- p OA+ — (17)

C

Where'O is the mean distance between primary mirrors and receiver Wwhileis the
length of the receiver tube.

0 — isa correction factor that accounts for the differences from the nominal efficiency due
to the incidence angle and it is defined as:

V] OOMAT G (18)
Where IAM is the Incidence Angle Modifier which accounts for variations in material
propert i e sandfor khe effect oh ghatlowoprojection of the support. fiator
AT©6is usually named “cosine eff eedtctionofi t i
solar radiation on the mirror surfadae to the variation of solar incidence angleacking

systems aim to reduce the incidence angle on the solar reflector in order to reduce its impact
on overall efficiency.

2.6.2 Linear Fresnek
The nominal opcal efficiency in linear Fresnel takes is defined as:
Q& QiAW Q¢ QMO O'QQUL Qi
o h Q& QI0Ad Q¢ IEONT £ 1 | (19)

The LFC optical efficiency takes inwccount the following effects, some of them reported
in Figure20:
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1 Reflectivity of primary and secondary mirrors;
! 1 of the covering or envelope ghas

T

T AT ©(a);

1 Shading effect (b);

1 Blocking effect (c).

J \ L =

(a) cosine-losses (b) shading
AT
\+ L

(¢) blocking

Figure 20: Schematic representation &FC losseq66].

The blocking effect considetssses due to the arrest of the beam reflected by the mirror
caused by the next solar collector.

In analogy with PTCs, alsor LFCs an offdesign overall efficiency can be defined. It can
be written as:

IAM takes into account penaltiesen  ;  due to the incidence angle of solar radiation.
Linear Fresnel have lower design efficiency than parabolic trough because, even with a solar

i ncidence angle of 0°, mirrors can’'t be orie
reflect the radiatiomnto the absorber tube. In this way the cosine term can never be equal
tol.— is defined in the same way as for PTCs.

The description of LFeequireghe definition of two projections of the incidence angle; one

on the longitudinal plae — and one on the transversal plare . —is defined as the

angle between the vertical axis and the beam vector projection on the longitudinal plane
while — is defined as the angle between the vertical axis and the beam vector projection on
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the transversal plane. Finalhs-is the angle between the beam vector and its projection on
transversal plane. The characteristic angles on the planes are illustrigigpar @2 1.

I 3

Z-axis

Longitudinal

Transversal

X-ax1s

Figure 21: Angles definition of a concentrating reflector with horizontabMrientatior{64].

The overall IAM for a LFR collector idefined as the product of two different factors, each
one related to the above defined angles:

06 & 08 G— 08 i— (21)

Figure 22 shows"O0 6— andO0 O— variatiors as a function of the incidence angle
(from Thermoflex® database€Do G— showsirregularities for angles between 0° and 45°
because of the shading effect of the secondary reflectors over the primary ones.
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IAM

0 15 30 45 60 75 90

Incidence Angle [°]

Figure 22: Longitudinal and trasversal IAM as a function of incidence anfé] .

LFCshave a lower nominal and yearly optical efiecy compared to PTCs, since the lasts
are only affected by—while — can be nullified thanks to the tracking systérhe off
design penalty with respect to PTC is very strong.

2.7 Commercial collectors

A review of different typologies of solar collectors available on markets is now proposed.
The review focuses on linear sotallectors, since they are regarded as the best choice for
the investigated ISCC. In fact, they operate in the temperature range needed for the
integration. Moreover, they are less expensive and have a higher commercial maturity with
respect to point focusystems.For each one the heat loss equation is reported, directly
founded on the technical brochure or derived by interpolation of available data.

2.7.1 Heat loss model

When heat loss data were not available, a simplified thermal model of the solar chkeactor
been implemented to estimate heat losses and the useful power transferred to fluid. This
model is based on a previous study founded in bibliogr§@iy the receiver is split up in

a finite number of control volumes and the a@hmensional steady state heat balance
between the HTF and the atmosphere is solved for each one of them. Energy balance
equations are determined by congag\energy at each surface of the receiver esession,

as shownn Figure 23 together with the thermal resistance model. It must be noticed that
optical losses are already deducted from the incoming solar energy.
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a) One-dimensional energy balance
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Figure 23: a) Onedimensional steadgtate energy balance andth¢rmal resistance model for a
crosssection of the receivg68].

The heat balance for a receiver with an intact glass envelope can be expressed with the

following equations system:

Nk N s

o] { Nk n & n s n &

I‘I’r,] A nﬁ n,ﬁ ' (22)
i nn n r n n

N Nk N n &
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Wherer indicates the theral power exchanged per unit length of the receiver. The heat
fluxes definitions are summarisedTable4:

Some simplifications are applied to the model; the support bracket thexsimstance is
neglected since the heat fraction lost through the brackets is smaller than the fraction lost for
convection and radiation. When vacuum conditions are made in the space between the glass
and the steel tube, the convective resistance betwaats 8 and 4 is neglected as well,

Table 4: Thermal model heat flux definitions [68].

Heat Flux Heat Transfer Heat Transfer Path
(W/m)* Mode From To
Giseom convection inner absorber pipe surface heat transfer fluid
q';_;m,,d conduction outer absorber pipe surface | inner absorber pipe surface
. solar irradiation . . L .
- - incident solar irradiation outer absorber pipe surface
q.).SO[’:le absorptlon pip
q';4(,0m- convection outer absorber pipe surface | inner glass envelope surface
e};md radiation outer absorber pipe surface | inner glass envelope surface
- . inner glass envelope
. conduction outer glass envelope surface
q45c0im’ surface g P
q" solar irradiation incident solar irradiation outer glass envelope surface
550l4bs absorption g p
o . outer glass envelope .
om convection ambient
s6com surface
-1 o outer glass envelope
. radiation sk
U57rad surface y
b R R
q cond bracker conduction outer absorber pipe surface HCE support bracket
. convection and . .
G tomoss radiation heat collecting element ambient and sky

* Per unit aperture length.

since the majority of heat is transferred through radiation.

The receiver has been split in 30 segment obtaining 31 seatibare the heat balance has

been applied.Collectors characteristics, needed to solve the sygthameters, glass
properties etc,) have been extracted from collectors brochufas. each collectora

temperature range comprised between minimumnaagimum operative temperatures of

the fluid in the receiver is considered. The intermediate tempesafpoints 2,3,4,5) can be
found solving the implicit system reported above. Once all the temperatures are known, the
heat loss for each temperature of the fluid can be found.

{3

2.7.2 Eurotrough ET 150

Eur ot r ou gardbolidteofigmo e € | a devel oped
the help of the finite element analysis and detailed wind tunnel tests. It identifies the structure
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characteristics while the receiver tube may change; it now represents the standard for PT
technology. Wo models of Eurotrough are available: the ET100, with 8 modules and a
length of 100 m, and the ET150, with 12 modules and 150 m long. In this performance
analysis, two receivers are considered: Schott PTR70 and UMAL.

Schott PTR70

Schott solar CSkanufactures and sells only the receiver tube, which can be used for both

PT and LF collectorsThree different diameters are available: 70mm, 80mm and 90mm.

Schott PTR70 modelF{gure 24) has a diameter of 70mm. i available in its standard

version and in the premium one, which emplaysoble gas capsule installed to maintain

better thermal pragrtiesover the full operational period. Data availablen | i ne on Sc h«
website(Table5) are referred to the standard Schott PTR70. Heat loss measurements were
carried out in a round robin test performed by the company in cooperation with NREL (US
National Renewable Energy Laladory). They confirmed a heat loss of less than 250 W/m

at working temperatureslfjout400 °C)[63]. The Schott PTR70 is coupled, in this case,

with an ET150 PT

Figure 24: Schott PTR70 receiver tulpe3].
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Table 5: SchottPTR70 - ET150 collector datasheet [63].
SCHOTT PTR7ET150

" 0,94
Length 148,5m
Aperture width 577m
Focal Length 1,71 m
Aperture area 817,5 nf
Number of modules per drive 12
Opticalefficiency 0,75
0 — AlS uvguopn— chuv Wpmm —
q lossoil [W/m] nmmnty pkoY ¢clov
q lossDSGW/m] WPp Y T 11 GY X p U'X C G (
T max 400 °C
SCHOTT PTRR@ceiver
Material DIN 1,454 Steel
Coating Antireflective
Outer Diameter 70 mm
Thickness 2mm
Length 4,06 m
h L{h X nZdppp
5 | 0a X nznadgp
HTF Thermal oil Steam

Operating pressure

X 0 m(absotute))

Glass envelope

Glass type
Outer Diameter
Thickness
Coating

Vacuum Pressure
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0,125 m
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UVAC

FortheUVAC analysis, data from the prototype installed in the Plataforma Solar de Almeria
(PSA),in Spain are consideredTable 6): it is equipped with a EL50 collector and an
UVAC absorb€i70], [71].

Table 6: ET150 - Uvac collector datasheet [70], [71] .

UVACc ET150
! 0,94
Length 1485 m
Aperturewidth 577m
Focal Length 1,71 m
Aperture area 817,5 nf
Number of modules per drive 12
Optical efficiency 0,7408
q loss [W/m] it 11 CX mmwyy Ttpuvu
T max 400 °C
UVAC Receiver
Material Stainless steel
Coating sputtered, selective
Outer diameter 88,9 mm
Thickness 2,5mm
h 1 {¢a X nXdcH
5 | 0a X nndop X nnnc
Operating pressure X nn oF NJ
Glass envelope
Glasgype Borosilicate glass
Outer diameter 135 mm
. ! {¢ta X nXdgcn
Vacuum pressure X fambar
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2.7.3 SkyTrough

SkyTrough i s SkyFuel ’istroigh fgprithe ptdisationm theraal c e
power plants or industrial heat generation. The design of the fatefel aims to reduce
massesnd costs, keeping intact the stability of the structure. It is available in two version,
one provided with Schott PTR80 and the other with9Gnm Schottreceiver tubgas shown

in Table7.
Table 7: SkyTrough collector datasheet [72].
SkyTrough
” > 0,94
Length (assembly) 115m
Aperturewidth 6m
Number of modules 8
per assembly
Material Aluminium
Typical land use 2 ha/MWe
Optical efficiency >0,77
Thermal Efficiency 0,73 @ DNI=1000 W/frand 350°C
q loss [W/m] (80mm p1’yY it 11 X X e pY Ccippw
q loss [W/m] (90mm’ plo w @ urlt Y PiYo @p m Y wPp Y p T’
T max 500 °C
Receiver
Model Schott PTR 80/90
Length 4,06 m
Outer Diameter 80 or 90 mm
Steel type DIN 1,4541
o L{h X NnZppp
& | 0a X nZndp
HTF Molten Salts oiThermal olil
Operating pressure W nmMol NI oFoazfdziSo

Glass envelope

Glass type Borosilicate glass
Coating Antireflective
Vacuum pressure X Tambar
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2.7.4 ArchimedeHEMSO08

Archimede producesits own receiver tubedsdEMS08 model uses moltersalts as heat
transfer fluid The coating is made of a thin multilayer film: a top layer of ceramic material
with a high antrreflective power, an intermediate layer of CERMET, a remmposite
material with a high absorption coefficient for solar radiatiand a lower layer of metallic
material that reflects the infrared radiation. The HEMSO08 absorber is coupled with Ronda
High Tech mirrors, which have already been used together in Archiprepkest at power

plant in Priob Gargallo Data are reported ifiable8.

Table 8: Archimede HEMSO08 collector datasheet [61].

HEMSO08 Ronda
" > 0,94
Length (panel) 1,604 m
Aperturewidth 59m
Focal length 1,81 m
q loss [W/m] cPpm’yY mmppPy ot¢pepw othp
HEMSO&Receiver
Material Stainless steel
Coating CERMET
Outer Diameter 70 mm
Thickness 3mm
Length 4,06 m
o L{h X nzdpp
X nzZm X nnnc/
8 | oa
X nZmn X pync/
HTF Molten salts
Operating pressure X on o0l NJ oNBtFGA@¢

Glass envelope

Glass type Borosilicate glass
Outer Diameter 0,125 m
Thickness 3 mm
Coating AR CIEMAT
. !'{¢ca X nZdgcc
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2.7.5 Polytrough 1800
N e p S oPolgtrougk 1800 is a medium temperature collesttrose main advantages are
low installation and maintenance costs small dimensions and its ease of installation make
it suitable also for roof installatiolit.is particularly suited for generatingdtefor industrial
processes, solar cooling systems, ORC for power generation and desalinafiablel®
technical data of the collector are summatiaadFigure25repors 0 — as a function of
the incidence angle.

Table 9: Polytrough 1800 collector datasheet [73].
Polytrough 1800

Length 20,9 m
Height 1,75 m
Focal length 0,65 m
Aperture area 36,9 nf
Weight (referred to aperture area) 30 kg/n?
Rim angle 71°
Geometric CR 54
Optical Efficiency 0,6865
Efficiency@ 200°C 0,6
q loss [W/m] mmngYw T p @Yo p o«
T max 250°C
Mirror
7 >0,93
Length 1,25m
Width 1,845 m
Depth 16 mm
Receiver
Material 1.4307 Stainless Steel tubing
Coating Black chrome
Outer Diameter 34 mm
Wall Thickness 1,5 mm

Glass envelope

Material Borosilicate glass
Outsidediameter 56 mm
Wall thickness 2,5 mm
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Polytrough 1800
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Figure 25: L .. and™Hi R as functions of incidence angle for Polytrough 1800 collectc
L p. already includes cosine effect.

2.7.6 Nova 1& Supernova

Nova 1 i s Nov atmedel sgtedlfor loveand me&iumeteamperaltsireince

the absorber (&chottPTR7Dis not equipped with vacuum insulatj@nglass plate to reduce
convective thermal losses is located under the secondary redtsivgoical applications are
solar enhanced oil recovery and medium temperature heat generaiggs water in DSG
applications, generatingaturated steanhovatecalso produces dinear Fresnel able to
produce superheated stedlmough DSG and to reach highemperatures thanks t@
vacuum absorber tubeghe Supernova collectott is particularly suited for electricity
generation, augmentation and ISCC applat i ons . Th emodetisithesNDvaNoO v at
DMS, which uses molten salts as heat transfer flund fblowing data refers to the Nova

1 model(Table10). These collectors are equipped with a secondary recédikerlAM for

the Noval collector is the one reportedFigure 22; qualitative trend is similar for the
Supernova collector even though absolute values differ because of collectors differences.
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Table 10: Noval and Supernova collectors datasheet [74].

Nova 1& Supernova

Control unit wdth 16,56 m
Control unit &ngth 44,8 m
Receiver hr(ea:ciqehcttg:)ove primary 74m
Reflector height above the ground 0,751,05 m
Aperture aea of primary reflectors 513,6 nf
HTF Saturatedsuperheatedsteam
q lossNova 1[W/m] mwcy c@Tu
q lossSupernovgdW/m] YPp Y Tt 11 &Y p X XY ¢ @1 0
Receiver Schott PTR70
T max 250°C Noval/550°C Supernova

2.7.7 Industrial solar LF11

The Industrial Solar linedfresnel collector LA1 (Figure 26) is a linear high temperature
collector for generating process heat at pressure up to 120 bar and temperatures up to 400°C.
Different heat transfer fluglcan be used, like water, thermal oil steam with DSG
methodology. Its modularity and lighteight make it appropate for rooftop installations.

The basic module consists of 11 primary reflectors with ahe®®PTR receive(Table 11).

Figure 26: Schematic representation of Industrial solar LF11. (1)supporting structure, (
primary reflectors, (3) receiver, consisting of secondary reflectors and absorbdi&}bes
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Table 11: Industrial Solar LF11 collector data sheet [75].

Industrial solar E11

Width 7,5m
Length 4,06 m
Area 22t
Receiver height above primary
reflector 4m
Reﬂector(;rilg}rr:(tJI above the 615
Specific weight (per installatior 57 kg/mz
surface area)
T max 400 °C
Life expectancy 20 years
Standard row length 65 m
Optical efficiency 0,635
Receiver type Schott PTR70
! 0,95
q loss [W/m] i T 7Y o 1T iy X Wt
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In Figure27, heat loss curves are represented; as expected, the heat loss increases
tube diameter.

Q' loss
900
800
700
‘£ 600
E 500
[%)]
& 400
© 300
200
100
0
0 100 200 300 400 500 600
T htf PC]
polytrough1800 soltiguaPT
—— ET150+UVAC 'Solitem PTC 1800
SchottPTR70 ——'Archimede HEMSO08'
= MCT Heliotrough
Industrial solar LF11 Soltigua -FLT
skytroughDSP90 Noval
SkytroughDSP80 Supernova

Figure 27: heat loss curves as a function of the fluid mean teatpe= between tube inlet anc
outlet.

2.8 CSP power plant cost analysis

Solar collectors are normally employed for the steam production into solar only power
plants.These can be a good reference to be compared with the integrated solar combined
cycles: in tems of efficiencies and electricity production costs.

Overall efficiency of solar only power plants, defined as the ratio between net power and
solar energy impinging on the collector (in term®0f30 0 J@& generally not very high, it
arrives atabout 20% at nominal conditiofslightly higher for indirect PTCs and lower for
DSG LFCs)[67], most of all because of the efficiency of the powecklwhich is low.

The Levelised Cost of Electricityl{COE) of this type ofplant can be compared with the
ISCC solar marginal LCOEdefined as the rati@f the additional costs due to solar
integration with respect to the electricity production fromsmdaource.

The highest fraction of the total LCOE of CSP plantatisbuted to the initial investment
expenditurecontrary to fossil fuel power plant where the mature technology guarantees
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lower investment costs but higher ones are due to the fuehgme.Investment costs
increase ifa thermal storage is implemented in soéar power plant, even ifimcreases the

plant capacity factor and, consequently, the electricity generated. Investment cost for PTCs

power plants are generally between 4500#kand 10000$/kWe. IRigure28, the LCOE
breakdown of an illustrative 100 MW PTC plant installed in South Africa is shown. LCOE
for PTC power plantssibetween 200$/MWh and 330$/MWI6].

Owners costs

Other fixed O&M 11%

Balance of plant Solar field
el Personnel 4%

Engineering and Fuel 0%

site preparation

Heat transfer Consumables 1%

fluid and system

Contingencies

Annualised
CAPEX 84%

Thermal

energy storage beten

Figure 28: Total installed costs (left) andCOE (right) breakdown for a parabolic trough plai
in South Africa[76].

Investment cost of LFCs plants are generally lob&tause mirrors, trackgnsystems are
simpler,and, since LFCs are in early stages of development, the cost reduction potential is
quite high, as shown iRigure29.

€W €/MWh
3,50 146 150

3,00

113

110

2,50

90
2,00
70
1,50
50

1,00
30
10

-10

2015 2020 2025 2030 2035

s Civil works and assemblies s Solar field and HTF system s Conventional Power Block s | and purchase & Project Development

Engineering & Project management_  wuwwws Thermal Energy storage (TES) system e | COE

Figure 29: Specific cost and LCOE for LFR solar thermal power plant with 6 hours storagt
medium irradiance region (DNI 2000 kWh/m2/ye@ry].
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O&M costs are low compared to the fibdsiel power pant and includefor example, the
replacement of receivers and mirrors because of glass damages and mirror washing. The
major fraction of O&M costs is fixed and is estimated to be about the 92% in the above
mentioned PTC plarf76].
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Natural Gas CombinedyCle

A combined cycle is a power generation technology which combines the power production
of a gas turbine and of a steam turbine to improve the fuel conversion efficiency. The most
common kind of CC in stationary generation is the Natural Gas Combined Giya(eQq),

made up of a gas turbine that burns natural or synthesis gas whose flue gases feeds a
bottoming steam cycle. In this chapter the NGCC technology is analysed and a base model,
made with the software Thermoflex® v.p], is provided; this will be further implemented

in the ISCC modellingThermoflex® is a commercial software that allows design and off
design simulations of thermal systems. It also provides the engineering and cost estimation
of several compomds (PEACE components) depending on the hardware specifications.
Thermodynamic and engineering modes allow the design simulation, where the program
computes the heat and mass balance of the s
the hardwarecomponents description. Some differences between thermodynamic and
engineering model may arise because, while the thermodynamic calculation only implies
heat and mass balances, the engineering mode considers technical restraints due to real
components simg. In offdesign mode the performances of the system, under varying
conditions (i.e. ambient temperature, solar radiatjoaje evaluated using the previous
defined hardware data.

3.1 Thermodynamic principles

The fundamental of a CC stands in the highdusi energy still available in flue gases at

the outlet of the gas turbine, which are at temperatures above BI}°G a simple cycle

gas turbine, this remaining heat is discharged in ambient and wasted, while in a CC it can
be exploited in a Heat Recovery Steam Generator (HR®@&)ent can be used to produce
saturated or superheated steam that can be converted in electricity in a steam turbine (ST).

The NGCC technology has several advantages:

1 High efficiency compared to other generation technologies. In fact NGCC
efficiencies argenerally above 50% against 30+45% of simple cycle gas turbine and
the 46+48% of UltreéSuperCritical steam power plan{81].
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1 Limited environmental impad¢hanks to the employment of high efficiency power
technologies and of natural gas, which guarantees low emissions conceninations
flue gaseskor example, with respect to coal plants,@@issions are reduced.

1 Good flexibility,that is highly required nowadays in electricity markets and makes
NGCCs suithle for both baseload and midnge duty with daily startu9].

1 Compactnessgompetitive investment costs and installation timiragsnpared to
other generation technologies. For example, the overnight capital cost of a CC is of
about 1000 $/kW against 3000$/kW required for an advanced pulverized coal power
plant[80]. Moreover installation timings are estimated to betali year foa simple
cycle gas turbine, %,+ 2 years for a NGCC and 4 + 6 years for a conventional steam
cycle[31].

1 High annual availability:thanks to the high reliability of gas turbines, CC can
theoretically achieve a high number of working hours.

1 High commercial maturitgince they had a great commercial success that led to the
installation of a high number of NGCC facilities. From 1949, when the first example
of CC entered servicenany power plants were built and many progresses were
made,in particular in the GT technolod®2]. In 2007 the global NGCC installed
capacity was 610 GW with respect tonarldwide 4810 GW power generation
capacity[81].

Figure30 showsa schematic representation of the combined cgaleaust gasses from the

gas turbine outlet, enter the heat recovery steam genefaey arecooled to the stack
temperature, generatj superheated steam that is expanded in a three stages steam turbine.
Steam leaving the low pressure stage of the steam turbine is then condensed in an air
condenser.
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STG
IP Turbine

Condenser Cooling
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Figure 30: Schematic representation of a NGCC equipped withGTs, two HRSGs and a
shared steam power blof8Q].

3.2 Components

3.2.1 GasTurbine

Figure 31: GE 9F.03 gas turbin@2]
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Gas turbines (GTs) in open cycles are made up of three principal machines: compressor,
combustor and expandd¥igure31). These machines were born in the aeronautic sector for
military use in the 40s and later they have been adapte@tionsary energy generation
sector, with particular attention to emissions control. The compressor is usually an axial
machine with a high number of stages, which can guarantee higher isoentropic efficiencies;
there are only few exceptions, generally lexito low size turbines.

Some parameters are used in gas turbine sector to compare different models:

1 - ——, the GT efficiency;

1 “Y'Q"Yurbine Inlet Temperature, it is the temperature at the first rotor inlet
temperature angepresents the start point of the cycle work extraction;

1 "YU ;Yurbine Outlet Temperature, it is the expander exit temperature (in a combined
cycle it is also the HRSG inlet temperature);

f f —~— the compression ratio;
h
9 Air and fuel mass flows.

Gas turbines can be classified in two great famjBé$:

1 Heavyduty. developed expressly for industrial and electricity generation application.
They are big size machines, particularly suited for continuous and stationary working
conditions. The stageseaarranged on a single shaft, whose rotation speed allows
the direct matching with the grid. These turbines reach power values of 250+300
MW withT of 15+20.The use of & value lower than theptimal one (i.e. maximum
efficiency) guarantees an high sgiEe works and allows the use of simpler
turbomachines with a lower number of stages. Consequently to the beta reduction,
the heat rejected by the GT increases but it can be well exploited in stationary
applications (i.e. with an HRSG).

1 Aeroderivative adapted, with fewer modifications as possible, from machines
designed for aeronautical propulsion, they are more adaptable to dynamic load
conditions. Aerederivative gas turbines can reach high (of about 40%) at the
price of higher investment costs.order to reach high efficieres they generate less
power (30+11MW) with highert (20+43 than heawduty turbineq83].

Gas turbines are internal combustions engines and because of that they can only accept fuels
whose flue gases aren’t chemical or physical
surfaces and whose copgition respect the emissions restrictions. The combustor must be
designed with the respect of the NOx emissions limits: usually there are multiple combustion

stages, a design that allows the limiting of emissions and guarantee flame stability and the
comgete conversion of fuel.
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The expansion, in particular for high power gas turbine, is cooled to"N&@a¥ high as
possible while keeping the internal wall temperature of the expander under the maximum
steel tolerable temperature. Increasing the T$llts in an improvement of gas turbine cycle
performances. Since increasing TIT means increasing TOT, CCs also take advantage form
a higher TIT because it improves thermal recovery.

The optimal regulation of a gas turbine is the one that avoids the campses! and keeps
the thermodynamic efficiency as high as possible. The possible ways of varying the power
output of the GT are:

1 Variation of fuel mass flovthe inlet air mass flow is kept constant and only the fuel
mass flow is varied. This solution leads to a TIT decreasing ard stecreases as
well.

1 Variable Inlet Guide Vanes (VIGWvith axial compressors there is the possibility
of varying the guidesane angle of statoric blades. In this way, as the air mass flow
decreases, the compressor inlet section is smaller, keeping the air velocity and the
velocity triangles the same as in nominal case. This kind of regulation is widely
applied for a decreas air mass flow up to 50+70%.

1 Lamination valvewith a pressure drop at the compressor inlet, it is possible to keep
the same volumetric airflow with a reduced air mass flow. This solution is highly
dissipative and it is difficult to apply with high airass flow; for these reasons this
solution is scarcely diffused.

1 Variation of revolution per minutewhere applicable (e.g. twishaft GT) is the
favourite solution, since it is flexible and not dissipative.

The typical regulation for a GT from the 100%the 50% of nominal load is made with the

VIGV; this can allow thé Y'Oforremain equal to the one of the nominal case. However, the
regulation is made keeping thel ‘Ohvaried to avoid excessive thermal stresses on metal
surfaces. In thisrange decreases slowly. For loads from 50% to 0% the inlet area section

is kept at the minimum allowable by the VIGV andOd¥creases as the fuel mass flow is
decreased; in this range the reduction is more evidenln Figure 32, the typical GT

regulation is describe@>Tl oad equal to-n® il ®atdhe onfdultli ofng ¢
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Figure 32: Variation of GT parameters adunction of GT loadThe variation is defined as th
ratio of the parameter with respect to its nominal value.
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Figure 33: GT efficiency as a function of GT load

The GT model employed in the combined cycle and in the ISi@died in this thesiss a

GE' s c¢class F gas t uFigore3lethe(FGlass &ctoalli8thesmiost w n
qualified and diffused technolodgr stationary application within heavy duty GTs.
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3.2.2 Bottoming cycle

3.2.2.1 HRSG

Flue gases can be sent to HRSG at the turbine outlet conditions offaipgsection can

be added. In this case a certain amount of fuel is injected in a duct burner to increase gas
temperature. The HRS&igure34) is the bottoming part of the combined cycle, it is similar

to a Rankine, though it presents some differencesingtdrom the heating process

dea dea

—& SH HP &

q SH LP e|v LP ﬂ

ev HP ECO HP eco LP

U | ‘ U
:J "'" ii@@
TWO LEVELS CYCLE (2L) TWO LEVELS CYCLE WITH RH (2LR)
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SH HP WITH RH (3LR)
’ | | Tt
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ev. ’] ev, ﬂ s&3
,m IEFJ SH IP SH ;J dea/ ﬂ

1p Lp ev.LP| eco LP
’]

eco HP (1)

Figure 34: Different possible layouts of HRSG#\dapted fron{31].

In the HRSGthere is not a combustion process but the heat is recovered by cooling the flue
gases. The heat exchangers are cowquteent, even the superheater which, in conventional
Rankine cycles, is ceaurrent and separated from the high temperatures zone®ith av
excessive thermal stresses. Flue gases are indeed cooler than combustion products, so heat
exchangers can be countanrent since thewre not affected by very high temperature
fluxes. Regenerative bleeds from the ST are avoided in CCs, since thddereduce the

energy production from the ST and the recovery factor without a reduction of the fuel
consumption.

Several HRSG configurations can be defined and classified on the basis of:
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Boilers arrangement (vertical or horizontal);

Type of circulation whin evaporators (onettrough, natural or forced circulation);
Deaerator disposition;

1 Number of pressure levels in the bottoming cycle.

= =4 -4

In order to reduce exergetic losses of the heat transfer process, the bottoming cycle can be
realised with several eporation levels of pressure: nowadays the most common solutions
are based on configurations with two or three pressure levels. In fact, the increase in number
of pressure levels allows the reduction of irreversibilities through |éWepbetween fluids

in the heat exchangers.

As it can be seen iRigure 35, the introduction of other pressure lines can help to follow
better the gas cooling line, allovgra better thermal recovery.
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Figure 35: TQ diagrams for a single pressure level HRSG and a three pressure levels-HF

Adapted from{31].
The introduction of a reheater (RH) can furt
the presence diquid droplets in the turbine, maintaining high expansion efficiencies, and
increases the medium temperature | evel of h

introduction of the RH involves additional complexity and costs, the solution with three
pressure levels plus RH (3LR) is the most efficient and widely used in big power. plants

3.2.2.2 Steam turbines

Steam turbines for CCs usually are not so different from the ones employed for conventional
Rankine cycles. However, there are some differences, suble asaiximum inlet pressure

that is generally lower in CCs since an optimum evaporation pressure can be defined. In a
conventional steam cycle, on the contrary, an increase of the maximum pressure means an
improvement in cycle performances. Maximum steansquees in combined cycles are
frequently between 60 and 140 bar while for conventional steam cycles 300+320 bar can be
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reached. The advantage, for combined cycles, is a simplification of the high pressure stage.
Steam mass flow distribution in the expamsdiffers a lot from the one of conventional
plants. In CCs the steam mass flow increases during the expansion (at the outlet of low
pressure turbine the mass flow is about 25+35% higher than at the high pressure inlet), while
in conventional plants it ieduced because of the presence of regenerative bleeds (the steam
sent to condenser is the 55+60% of the total). Even if the power produced from CCs steam
turbines is considerably lower, they require a detailed design because of the high volumetric
flow in low pressure sections. They can reach isoentropic efficiencies up to 95% for medium
pressure stagg31].

3.2.2.3 Condenser
There are three principal kind of condenser that can be employed in a CC:

1 Open circuit condenser
1 Evaporative tower condenser
9 Air condenser

In the first solution, cool water is withdrawn, used for condensation in the heat exchanger
and then reintroduced slightly hotter in its natural basin (such as rivers or lakes). The open
circuit is the simplest and most economical solution, but it reqawragability of massive
amount of water (not always available for environmental and ethical concerns) and often
there are restrictions on the maximédh of the cooling water to avoid overheating of the
water resource.

In the solution with evaporative towdiquid water is used in a sefiosed circuit and its

heat is removed by the evaporative tower, mostly thanks to evaporation of a fraction of the
water mass flow in contact with ambient air. This solution leads to a significant reduction of
water consurtion, but it is still present since the tower requires the introduction of a make
up flow to replace the evaporated water mass flow. Furthermore, water is required to fill up
the blowdown flow, necessary to maintain the correct salt concentration iratee Whe

air mass flow is rather small, so fans power is reduced.

I n the air condenser solution, the condens
directly with ambient air. This solution requires no water consumption, but a significant
increasen the air used in the refrigeration process with respect to the evaporative tower and,
consequently, an increase in the auxiliary pogarsumption. This solution is particularly

useful in ambient with scarcity of water resources, typical condition dbdations where

CSP plants are installed. This is the reason why air condensers are becoming the favourite
choice for CSP plants under construction, as for the lvanpah facility, in Califajia

3.3 Performance parameters

The " r ec ov.eacgounfs torctlte amotnt of heat from exhaust gases recovered by
the HRSGIt can be expressed as follows:
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Cf C

- (23)

The steam cyclefficiency is defined on the heat provided to the water as:

w
(24)

(et}
>5¢

The HRSG efficiency accounts for the overall bottoming cycle, it can be written as:

T (25)

Wherew s the electrical power produced from the steam turldine, r isthe heat
available from turbine exhaust gases if cooled to the amigienterature and
is the heat given to water in the HRSG.

The overall NGCC efficiency can be written as:

o0
- s VN (26)

Wherew s the electrical power generated by the gas turbine, 0 "Ods the total power
input as fuel heat value ard is the net efficiency of the gas turbineis defined as:

0 i
& 0000 (27)

3.4 Effects of variation of operating conditions on CC performances

3.4.1 Gas cycle

GT performances described on producers

defined below:

1 Ambient temperature: 15°C;
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Ambient pressure: 101325 Pa;

Relative humidity: 60%;

Pressure drops absent at compressor inlet and expander outlet;
Natural gas available at sufficient pressure;

1 New and clean machines.

E RE B

As ambient operating conditions vary, the GT performances can differ slightly from the
nominal ones As ISCC power plants are installed in hot and arid climatic zone, their
operating conditions will deviate often from the ISO conditions. In addition, the presence of
the HRSG introduces a permanent pressure drop at the outlet of the expander.

3.4.1.1 Ambient pressure

The ambient pressure can change because of climatic conditions or site altitude. As the
temperature increases, since the volumetric air flow remains unchanged, the air mass flow
decreases, with a consequent decrease of the cycle power outputarEhecesignificant

effectson- , since the “shape” of the cycle doesr
In this thesis, pressure variations will not be considered in thaesffin plant simulations.

3.4.1.2 Pressure drops
Pressure drops can be mesat compressor inlet (e.g. for the presence of a filter) and at
expander outlet (e.g. for the presence of components such as an HRSG).

The intake pressure dropeduces the air mass flow aspired by the compressor with a
consequent reduction of cycle paweutput. In addition, pressure at expander inlet is
reduced, with a decreased expansion work, while compressemains unchanged. For
these reason, the pressure drop affects not only the cycle power output, but also its overall
efficiency.

Thedischarge pressuredrojloesn’t affect the compressor
unchanged. The expander outlet pressure is reduced Ap ithgposed and consequently its
expansion work and cycle efficiency are reduced as well.

The solar integration on the boming cycle does not affect pressure drops on the gas
turbine.

3.4.1.3 Ambient temperature

Ambient temperature is the parameter that most considerably affects the performances of a
GT and it can vary a lot during the day and seasonally (e.g. a range from GC tduting

the year in a desert climate). The air mass flow decreases as the specific volume increases
with ambient temperature with a consequent decrease of the cycle powerfoatpdtthe

cycle maximum pressure decrease and results in an increass Ybt, ¥eing constant the
“Y"O"Mhis leads to a reduction of cycle efficiency, more intense than the reduction caused by
pressure drops. Different cooling solutions can be employed in order to keep the air inlet
temperature within certain limits, ¢u as evaporative humidification and compression or
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adsorption coolefThese solutions, like the solar cooling hybridisation studied in this work,
introduce an additional intake pressure drop.

3.4.2 Bottoming cycle

The decrease @mbient pressureomes along th a cecrease of flue gases mass flow
this way, the thermal power available at HRSG inlet is reduced and so the steam produced
and the ST power output also decreases.

The ambient temperaturencrease has similar effect on the steam produced because of
reduced flue gases mass flow fact, the bottoming cycleaturallyreacts to this effect by
reducing the steam mass flow produced, with a consequent reduction of evaporative
pressuresf the steam turbine works in sliding pressuttes leads to a redtion of stack
temperature and an increase .afIn addition, it makes the condensation process more
difficult with a consequent increase of the condengiregsure (except for the open circuit
condenser). In this way there is a reduction of the expansion ratio and consequently of ST
expansion work and net power output.

Relative humidityvariations are not considered since their impact on the gas turbine is
negligible while they have no effects on the air condenser.

3.5 Reference NGCC

It is necessary to build a reference combined cycle as a starting point for the solar integration
and to compare annual performances. As a first step, the model developed European
Benchmarking Task Force (EBTH35] was reproduced in Thermoflex®, then some
adjustments were made in order to solve some problems related to heat exchanger sizing.
This first gep allows the comparison &S code[86], developed by the Department of
Energy of Politecnico dMilano [87] output of with Thermoflex® ones and it help to
understand the program responses to input variations.

3.5.1 EBTF Combined Cycle

The NGCC model built in Thermoflex® is based on the European best prgutisdines

made by the EBTF, where a compilation of projects, including one NGCC, is presented. The
chosen cycle is a lareggeale, baséoad plant, representative of the current state of the art.
Data are based on calcutats carried out by the GS code.

The power plant is made of two GTs, which feed with their exhaust gases one HRSG
connected to a single ST, as shownFigure 36. The gas section is cqrased by two

identi cal “F class” GTs, following the value
in the EBTF Common Framework Definition Documenite GT used in the EBTF model

iI's a “ref er elass kargescaevgas taline, 'whose paraens derives from

three GT models (i.&lstom GT-26, GE 9371F and Siemens ST&300F)[85]. The HRSG

is a three pressure leggdlus reheat kind (3LR). The natural gas is preheated up 160°C in a
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heat exchanger using saturated liquid extracted from IP ddycle parameters will be
reportedn the following paragraphs, when confronted with Therrmoflex® output.

Figure 36 shows the EBTF plant layout af@ble 12 and Table 13 show thermodynamic
points of the cycle, divided by fluid type.
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Table 12: Gas/air/fuel stream table of the reference EBTF combined cycle plant. h is the
fluid enthalpy referenced zero at 25°C and H20 as vapor.

-— ] O I | Typeoffluid
s> JF v ||

1 1,053 604,6 1327 642,4 Gas
2 1,045 458,1 1327 472 Gas
3 1,053 604,6 753,7 642,4 Gas
4 1,032 277,7 1327 270,1 Gas
5 1,038 341,7 1327 340,7 Gas
6 1,018 156,7 1327 139,4 Gas
7 1,028 232,3 1327 220,7 Gas
8 1,032 277,7 1158,2 270,1 Gas
9 1,037 341,7 1158,2 340,7 Gas
10 1,02 186,1 1327 170,8 Gas
12 1,024 232,3 1272,9 220,7 Gas
13 1,028 232,3 54,09 220,7 Gas
14 1,02 186,1 1272,9 170,8 Gas
15 1,018 156,7 354,6 139,4 Gas
16 1,015 135,2 354,6 116,4 Gas
19 1,018 156,7 972,4 1394 Gas
21 1,032 278 168,9 270,4 Gas
23 1,015 135 972,4 116,3 Gas
24 1,015 129 1327 109,8 Gas
26 1,038 341,7 168,9 340,7 Gas
27 1,015 135,1 1327 116,3 Gas
28 1,013 88,34 1327 66,74 Gas
30 1,053 604,6 573,3 642,4 Gas
31 1,045 458,1 753,7 471,9 Gas
32 1,045 458,1 573,3 472 Gas
40 1,013 15 38392 -10,13 Air

41 1,013 26,7 38392 1,725 Air

54 1,02 186,1 54,09 170,8 Gas
69 1,053 604,6 663,5 642,4 Gas
71 1,013 15 1296,9 -10,13 Air

72 1,013 15 648,5 -10,13 Air

74 1,013 15 648,5 -10,13 Air

75 1,053 604,6 663,5 642,4 Gas
50 70 10 30,1 46478 Fuel
66 69,67 110 15,05 46695 Fuel
77 69,67 110 15,05 46695 Fuel

67



Chapter 3

Table 13: water/steam stream table of the reference EBTF combined cycle plant. h is the
enthalpy referenced to zero at 0°C and H20 as vapor.

68

- . E |
TT>|  JF v !
11 23,99 50 9,04 2114
17 1,399 109,3 202,3 458,2
18 1,399 109,3 8,689 458,2
20 1,399 109,3 43,84 | 458,2
22 1,399 109,3 149,8 458,2
25 1,399 99,25 202,3 415,9
29 120,9 560,7 149,8 3508
33 132,1 222,3 149,8 957,6
34 3,52 297,1 183,7 3062
35 3,52 297,1 201,4 3062
36 0,0477 | 32,06 202,2 | 2386,3
37 0,7656 | 32,06 202,2 134,3
38 1,873 32,07 202,2 134,5
39 1,873 32,06 202,3 134,4
42 131,4 326,7 149,8 | 1501,7
43 3,73 215 17,73 | 2893,6
44 133,7 111,3 149,8 476,7
45 131,4 331,7 149,8 | 2659,5
46 3,52 297,9 17,73 3064
47 127 565 149,8 3513
48 22,96 562,9 181,2 3605
49 24,26 222,4 34,8 2801,7
51 4,357 146,7 17,73 | 27419
52 25,12 109,6 43,84 | 461,55
53 133 146,7 149,8 626,2
55 4,401 109,3 8,689 458,6
56 24,86 146,7 43,84 619,4
57 4,357 141,7 8,689 596,6
58 24,26 217,3 43,84 931,5
59 24,3 327,6 146,4 3077
60 23,28 565 181,2 3609
61 23,28 565 146,4 3609
62 23,28 565 34,8 3609
63 23,74 316,7 34,8 3053
64 3,7 299,6 17,73 3067
67 24,26 2224 9,04 954,5
68 4,357 146,7 17,73 | 27419
70 4,357 95,45 17,73 400,2
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First of all, a model of the HRSG with the ST has been made in Thermoflex® in order to
match the results of the new model with the ones from GS.

Heat exchangers thermal efficiency (&299,6%) and disposition inside the HRSG derive
from available data output of the GS software.

Pressure levels, pressure and thermal losses, pump efficiencies and charatiehatre

been imposed in thermodynamic mode. In this first step the inlbediRSG on exhaust

gases side has been modelled as a gas source with fixed temperature and gas composition
( “ no T G’intmsavdyat Is @asier to verify the correspondence between Thermoflex®
model and EBTF data.

The ST is subdivided in three s high pressure (HP), intermediate pressure (IP) and low
pressure (LP). The modelling has been made
tool available in Thermoflex®; it evaluates ST stages efficiencies and leakages. Fhe part
load regulations made by sliding pressure.

An air condenser has been employed, in prevision of the application of this model to ambient
with scarcity of water resources. Variable RPM pumps have been employed in order to avoid
efficiency losses at part loads for thrimitj across a valve. SH and RH temperature control
has been imposed by desuperheating at the end of heat exchangers.

Thermoflex® provides a single component for two parallel boilers; however, in the GS
model there are three parallel components. In this ta$ed the correct gas mass fraction

for every component, control loopsave been enabled. The control variables were exit gas
temperatures from the three boilers, which had to be equal. Once the mass fractions were
founded, control loops had been dileal to perform ofidesign simulations.

Performing the engineering analysis of the plant, some issues have been highlighted; first of
all, the first LP economiser had a reduced mass flow and the software was not able to size
the component. The reason hade found in the preheating of the fuel. To preheat the fuel

up to 160°C a shell and tube exchanger was provided; it was fed with saturated water from
the IP drum and the water was then sent to the inlet of LP drum. In this way, since
Thermoflex® estimate the total flow at the evaporator, the mass flow resulting in the
economiser was too low.

In order to avoid this problem, the fuel temperature at the inlet of the gas turbine has been
set to 156°C,; this value has been chosen as it resulted as the vatieguwaranteed a right

sizing of the economiser. The 4°C decrease of the inlet fuel temperature, however, does not
affect significantly the gas turbine efficiency.

The"YU ¥really high compared to the exit temperature of the HP superheated ste&th (604
vs. 565°C), indeed, at partial loads, the maximum value of pressure set by material resistance

5 Control loops are a particular Thermoflex® feature that allows reaching a desired valt®oiivB¥ariable
by adjusting certain Control Variables. It is also possible to use a Parameter Matching Control to cause a pair
of variables to attain equality one to anot/éb]
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was exceeded. In order to avoid structural problems, the tube wall thickness of the HP
superheater has been increased from 3,404mm to 3,491mm.

In the secondtep, the fixed gas source has been substituted with the two GTs. The aim was
to find, in the available turbine models, a GT whos€~YU ;ir and fuel mass flows were

as similar as possible to the GS ones. The GE9BT3 [88] has been choseas it
highlighted minor percentage error with GS data, as showahie14.

Table 14: Comparison between three different GT models and the percentage errors of
their parameters with respect for GS results.

€%

Alstom GE 9F
gs ASOM  crgroz CEOF grog  CEOFO3 aqiries
GT26 3series vs.GS

vs.GS vs.GS
trpm® 58,57 56,89 57,32 56,83 -2,87 2,14 -2,97
T4, emd F 83322 89638 80024 78473 7,58 -3,96 -5,82
.44 54422 607,16 52507 50821 11,57 -3,52 -6,62
2 G - 38,26 38,54 37,61 36,81 0,72 -1,70 -3,80
Ogo gk HI 30,61 33,88 30,02 29,69 10,68 -1,92 -3,01
Ognde valv Al 1330,60 1372,36 1326,93 1324,38 3,14 -0,28 -0,47
ENE 607,96 609,94 604,42 606,29 0,33 -0,58 -0,28

In Table 15 main results for both the configurations analysed and their percentage errors are
shown. The results These errors are in absolute value below 5% and so the results can be
considered quite aarate. Greater errors are registered on the water mass flow and pressures
values of the IP and LP heat exchanger. These differences are due to the passage from
thermodynamic mode to engineering mode, in particular to the sizing of heat exchangers
tubesad of piping at the end of SH and RH secti
and GS data comparison is the one on the ST power output. This error is attributed to the ST
assembly tools, since it employs a method for automatically estimate the efficietne

various ST groups, as well as methods of automatically treating the various steam turbine
leakage flows. In this way these values are slightly different from the ones used in GS, while

in the GE9F.03 case the error is reduced because of thexgeesdenegative errors which
compensate for the positive ones. For the reason the fuel is assumed to be clean, the corrosion
issue is not considered and it is possible to keep the low stack temperatures, shapl@ in

15.
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Table 15: Main results for NO TG configuration and for GE 9F.03 configuration.
e%

GS no TG GEO9F0: noTGvs.GS GE 9F03vs. G¢

b opgd 58,57 / 57,35 / -2,084
T e T 83322  / 800,97 / -3,870
A R, = 38,26 / 37,55 / -1,844
T4 T 544,22 / 524,51 / -3,622
Ogo gk Al 30,61 30,61 30,03 0,000 -1,89

1 FalaF 607,96 608,00 605,08 / -0,474

4 EdE 1359,95  / 1342,57 / -1,278

F b 88,16 87,91 87,78 -0,284 -0,438

4 J5 86,76 88,19 88,66 1,639 2,183
Meqevgv? 7 8735 874,79 866,995 0,097 -0,796
[F v «gdie 4alg™ 770,49 769,05 761,01 -0,187 -1,230
Fa- v¥ 309 309 3,06 -0,188 -1,230
T4 T 292,41 298,36 294,967 2,037 0,876
by oglin La2 37,95 3880 38,76 2,23 2,13

Once the design model matched the GS modelmitimum possible errors, the ediesign

study has been performed by changing ambient temperature and GTs load. It first showed
that, as the load was decreasing, the system was not able to maintain the fuel temperature
constant. That resulted in an erracorring on the LP economiser, which was characterised

by a zero mass flow. To avoid this problem two solutions were possible: changing the water
mass flux in the heat exchanger consistently with the load reduction or fixing a lower fuel
temperature. Theesond solution was applied and the temperature was set at 110°C.

As the plant presents two turbines, an analysis of the best control strategy has also been
performed.

The analysed regulations are shown in the following takdélé16):
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Table 16: GTs regulation strategies analysed.

Total GT Load [% 100 90 80 70 60 50 40 30 20

TG1 [%] 100 90 80 70 60 50 40 30 20
Strategy 1

TG2 [%] 100 90 80 70 60 50 40 30 20

TG1 [%] 100 90 80 70 60 100 80 60 40
Strategy 2

TG2 [%] 100 90 80 70 60 0 0 0 0

TG1 [%] 100 100 100 100 80 100 80 60 40
Strategy 3

TG2 [%] 100 80 60 40 40 0 0 0 0

The effect of different regulations on the gas turbines net efficiency has been analysed
through offdesign simulations of the turbines in a simple cycle. As it can bersEegure

37, strategy 3 assures the best GT efficiency; however, since the efficiency drop between
strategies 2 and 3 is small (< 1,1%), strategy 2 has been chosen because it is simpler to handle
and it is in accordance with themaal practice in NGCC plants.
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Figure 37: GTsnet efficiency as a function of total GTs load.

In Thermoflex®, two methods to control the turbine at partial loads can be chosen. The one
employed in this model, controlsthe TiThn or der to foll ow a “targe
as can be seen kgure38, that is typically a function of the pressure ratio (in this case the

target temperature is of about 649°C). The same target temperature is reached, where
possible, independently from ambient temperature. The other method applies a direct firing
temperature control model; with this regulation, at part load condition theisTKEpt

constant.
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Figure38:Vari ation of TIT and TOT as a funct
of the parameter with respect to its nominal value.

3.5.2 Simeri Crichi Combined Cycle

The plant as it has been presented had a set of problems, especially for particularly stressing
conditions (i.e. high temperatures and low GT loads), such as the impossibility to reach a
total GT load below 25% of the nominal one. Moreover, the presengatef withdrawal

from IP drums and its reintroduction before the LP drum increased theoslibg at LP

drum inlet and caused difficulties in the sizing of LP economiser and in the management of
the downline of the HRSG. For these reasons and with tipogel of simulate a realistic

and manageable power plant, a new HRSG layout has been employed. The new plant is
based on the layout the Simeri Crichi power p[&881, in Calabria In this new plant there
aretwo HRSGs, one for each gas turbine;kigure39the layout of one HRSG and the steam
turbine is presented, the second HRSG is totally equal to the one reported while the steam
turbine is sharedlable17 andTable18 show plant streams.
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Table 17: Water/steam stream table of the reference EBTF combined cycle plant at 30°C

ambient temperature. h is the enthalpy referenced to zero at 0°C and H;O as vapor. Fluxes

are reported for only one HRSG.

— Bl O |
+=+» JE Ebvy | 201
4 0,1226 | 49,85 196,3 | 24785
5 4,98 49,88 196,3 209,2
6 0,8404 | 49,85 196,3 208,7
24 2821 | 3445 148.,6 3107
44 27.17 565 174,5 3606
45 1262 565 152,2 3514
53 3,96 294.6 195,3 3056
54 3,96 2931 1771 3053
62 126,2 565 76,11 3514
63 126,2 565 76,11 3514
64 2821 | 3445 74,28 3107
65 2821 | 3445 74,28 3107
66 4,98 49,87 196,3 209,2
83 27,17 565 87,27 3606
84 127.9 5199 76,11 3394
85 129,1 440 76,11 3164
86 1304 | 3311 76,11 | 26619
87 4,147 144,9 76,11 610,4
88 4,147 144,9 17,1 610,4
89 28,33 230,7 13 2803,1
90 1312 230,7 76,11 9957
91 28,98 1454 17,1 613,9
92 1321 147.4 76,11 628,9
93 1321 147.4 76,11 628.9
94 2821 | 3398 87,27 3096
95 2821 | 3135 13 3033
96 28,04 | 4798 87.27 3414
97 3,96 294.6 97,64 3056
98 3,96 2931 88,57 3053
29 130,7 300 76,11 | 13398
100 1304 | 3261 76,11 1498
103 28,33 2257 13 970,2
104 28,33 2257 17,1 970,2
105 28,98 145.4 17,1 613.,9
106 4,147 144,9 93,21 610,4
107 4,147 144,9 104 610,4
108 4,147 144.9 9,067 | 27397
109 4,147 139,9 98,17 588,8
110 4,147 136,4 102,3 573,7
111 27.17 565 87,27 3606
112 3,96 309,2 9,067 3086
113 3,96 2931 88,57 3053
114 4147 144,9 10,83 | 2739.7
115 3,96 294.6 97,64 3056
116 4,98 49.87 98,17 209,2
119 28,11 50 4,104 211,7
121 28,33 2257 | 4,104 970,2
122 4,147 1449 1,763 | 2739.7
123 4,98 49,87 98,17 2092
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Table 18: Gas/air/fuel stream table of the Simeri Crichi power plant at 30°C ambient
temperature. h is the fluid enthalpy referenced zero at 25°C and H20 as vapor. Fluxes are
reported for only one HRSG.

- ] Fluid type

tE>| JF []
1 1,013 30 Air
2 1,013 30 Air
3 1,013 44,03 Air
8 1,014 98,19 Gas
9 1,017 154,9 Gas
10 1,02 189,8 Gas
11 1,025 240,7 Gas
12 1,028 276 Gas
13 1,031 314,6 Gas
14 1,031 319,2 Gas
15 1,032 323,6 Gas
16 1,035 341,1 Gas
17 1,042 468 Gas
18 1,045 521,6 Gas
19 1,047 560,1 Gas
20 1,048 584,2 Gas
21 1,05 607,2 Gas
23 1,051 619,6 Gas
48 70 10 Fuel
49 69,67 110 Fuel

Heat exchangers are disposed in series, except for the LP and IP economisers that are in
parallel and there is one HRSG for each GT instead of a single HRSG. The plant is provided
with a deaerator integral to the HRSG that utilizes-fpessure evaporat@nergy to
perform the feedvater deaeration, instead of the deaerator with its own evaporating drum.
The GT used is the same GE GT 9F.03 employed in the EBFT power plant. Pressure levels
in evaporators, pumps efficiencies akl@ in heat exchangers have hdept equal to the

ones of the EBTF NGCC. The fuel temperature at the outlet of the heat exchanger for the
fuel preheating is kept at 110°C, while the water employed for the preheating process is
withdrawn from the outlet of IP economiser and reintegratetthe inlet of the deaerator.
Piping at steam turbine levels inlet provided a constant heat loss specific to the mass flow
circulating ([kJ/kg]), however the thermal power loss is normally proportioryal to

The plant presents three stages of high pressuperheating and two of reheating; this
allows a better exploitation of exhaust gases heat and an intermediate desuperheating, which
can control the wall temperature of the SH/RH better than the previous control of
temperature at the outlet of thechangers. It has been necessary to define intermediate
outlet temperatures of the steam; these have been calculated starting from the available data
of areas of the heat exchangers of the plant of Simeri Crichi, maintaining the same fraction
of the exchangd heat.
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Simulations of both the presented plants, at varying load conditions and constant temperature
(15°C), have been made and the results were compared. In particular, 4 parameters have
been analysed:, — ,— and-

Figure40 shows trends for..as a function of the total GT load. At 50% of the total load,
trends shova step due to the GT turning offfi the new power plant the step reduce$n

fact, since there is one HRSG for each GT, the one that is still running results closer to its
nominal condition because exhaust gas mass flow and TOTs return to their nominal values.
...value is still higherthan the nominal one because of the pressure reduction in the
evaporators deriving from the sliding pressure regulation of the steam turbine. In the EBTF
power plant, the step is smaller and moves towards an increase of the recovery factor. In this
case there is only one HRSG and the exchange areas result oversized with respect to the
circulating mass flow; that leads to an augmentation of the heat recovered. At 15% of total
GT load of the New power plantbegins decreasing because the TOT starts deogeas

well. The same trend cannot be enlightened in EBTF power plant because it cannot reach
such low loads.

94
93 '/\\\
92
©
g a1
| ) \\
-
89
88
87
0 10 20 30 40 50 60 70 80 90 100
Total GT Load [%]
—&— New Power Plant EBTF Power Plant

Figure 40: comparison of thé of the twoanalyzd plants as a function of the total load of g
turbines for thdixed ambient temperature of 15°C
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In Figure 41, the steam cycle efficiency is shown. Normally, the steam cycle efficiency
decreases with the GTdd because the exhaust mass flow reduces and so does the heat
recovered by the HRSG. The steam turbine operates in sliding pressure so the steam mass
flow and the evaporation pressure decrease, with a consequent reduction of the steam turbine
power.

The ble line (New Power Plant) replicates this trend while for the EBTF Power Plant the
steam cycle efficiency increases up to the 60% of the load since piping heat losses decrease
with the mass flow reduction. Nominal values are also quite different becatlsemping
presence. The step for 50% of the GTs load is smaller for the new power plant because the
operative HRSG returns to its nominal operative conditions.

steam cycle
39,5
39 ——¢
38,5
°-° 38
S 375
37
36,5
36
35,5

35
0 10 20 30 40 50 60 70 80 90 100
Total GT Load [%]

—o— New Power Plant EBTF Power Plant

Figure 41: comparison of the y 4 1 s @ffhe twoanalyzd plants as a function of the tota
load of gasurbines for the fixed ambient temperature of 15°C
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Figure 42 shows the efficiency of theottoming cycle; its trend is defined hy.and

— . Trends for total GTs load below 50% are due to TOT variations: it returns to

its nominal value when one GT is turned off and then it increases as the GT load decreases
untilitreahes i1its “target” value at about 35% ol
always defined by piping heat losses, so the nominal value is lower than the one of the new
plant. The step at half the load is smaller for the EBTF plant because the higiveryec

factor balances the drop.

" HRSG
35,5
c’\c\
35 -
©
33; 34,5
34
33,5
33
0 10 20 30 40 50 60 70 80 90 100

Total GT Load [%]

—o— New Power Plant EBTF Power Plant

Figure 42: comparison of thé_ 1 j pf the twoanalyzd plants as a function of the total load
gas trbines for the fixed ambient temperature of 15°C.
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Figure43shows the trend of the net efficiency of the two proposed cycles; as the gas turbines
and the main inputs of the cycle are the same, theretia noticeable difference between

the two. When one GT is shut down, the working one returns to its nominal efficiency, so
the CC efficiency increases. The efficiency of the EBTF plant is slightly higher for low loads
because its recovery factor is hegthaving the plants a single HRSG.

' CC

0 10 20 30 40 50 60 70 80 90 100
Total GT Load [%]

—&— New Power Plant EBTF Power Plant

Figure 43: comparison of th& I=of the twoanalysedlants as a function of the total load o
gas turbinesgor the fixed ambient temperature of 15°C

In order to optimise the new cycle, an analysis of the evaporative pressures and of the
intermediate temperatures in RH/SH heat exchangers has been carried out. Two parameters
were observed to decide whether to change the settings or not: specific 8d&fisdid
combined cycle efficiency. Iiable 19 and Table 20 results of combined cycle efficiency

and specific costs for different combinations of high and medium evaporative pressure are
reported.
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Table 19: Combined cycle efficiencies for different evaporative pressure combinations
[bar], where red cells contain lower values and green higher ones.

MP HP 111 116 121 126,25 131 136 141
12 57,1436§ 57,14793 57,1517 57,15277 57,14889 57,14397 57,13643
17 57,26149 57,27552 57,2887 57,30427 57,31233 57,31707 57,3238]
22 57,32349 57,34483 57,36619 57,37812 57,3897 57,40292 57,41053

27,18 (57,3142257,3445457,38131f 57,4004€(57,41633 57,43712 57,45321
32 57,27078 57,31046 57,33573 57,36594) 57,38874 57,42093 57,44134
37 57,21752 57,25172 57,2873 57,3184 57,35059 57,37437 57,39505
42 57,0655357,11404 57,18499 57,2221 57,2562 57,28409 57,30807,

Table 20: Combined cycle specific costs [€/kWe] for different evaporative pressure [bar]

combinations, where green cells contain lower values and red higher ones.

MP HP 111 116 121 126,25 131 136 141
12 408,7983 409,1327( 409,964 411,2034411,4244 412,1186 412,5494
17 407,0882 407,848¢ 408,6083 409,3409 409,9612 410,2631 411,4921
22 406,9868 407,6543 408,3324 408,2264 408,9406 409,8377 410,1085

27,18 | 408,009 408,6784 408,8414 408,6602 409,3187 409,9534 410,382
32 408,5202 408,5892| 408,6169 409,484 409,8023 410,4281 410,8127
37 411,3734 410,285(409,8629 409,4675 409,9974 410,7022 410,7323
42 410,6952411,505€ 410,1686 410,2183 410,5697 410,0694 410,1928

The analysis showed that, as expected, increasing pressures on the evaporators increases
performances of the cycle. However, it has been decided to keep EBTF values in view of the
solar integration; in fact solar collectors performances and endurancesrsaypromised

at too high pressure levels. Besides, benefits gained by changing temperatures are not so
important to justify higher costs; so pressure and temperature values were not changed, since
the original values coincide with the best compromise éetvecosts, performance and plant
endurance.

3.5.3 Base Case

In order to have a realistic base plant to integrate with the solar field, it has been decided to
take a nominal ambient temperature of 30°C; so the final sizing of the plant has been made
for this cordition. The condenser pressure has been increased according to the typical values
for dry condensers (i.e. 0,1 + 0,13 b@}]. In Table21, the main results for the new power

plant at the two different ambient temperatures are shown:
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Table 21: Main results for the new plant at ambient temperatures of 15°C and 30°C.
104 15°C qiq = 30°C

topgd 57,434 55,985
T, drmd T 0,152 726,266
Lo W 37,538 36,625

7.4 525,363 475,117
Ogogh Al 30,092 27,892

4 EdIF 604,165 604,165

4 EdE 13426 1341,7
Fp 37,538 88,659

4 N 89,296 98,250

g vigr? T 865,679 813,091

[Fo b amthcs i 758,790 720,875
[ 6,095 5,790

w44 296,958 268,022
- . uF > 0,048 0,1235
ty g 4+ .D. 39,136 37,180

Since this is the reference case for the analysis of the impact of the solar integration into the
CC, plant performances have been evaluated by performing simulations, modifying different
parameters (ambient temperature and load). In particular, it hadiggdighted that, as the
nominal ambient temperature is quite high, it is necessary to regulate condenser fans at low
temperature conditions to avoid reaching chocking conditions at the outlet of the low
pressure steam turbine. In this ca8gfrom choke to condenser pressure cannot be exploited

by the turbine because the volume flow cannot increase further.

The steam turbine cannot completely utilise the energy content of the steam; effects of losses
due to steam velocity not converted to waskessure drops through the exhaust hood and
inefficiencies related to LP stage performance with low velocities are included in the exhaust
losseq90]. These can be represented as a function of the volumetric flow at the outlet of the
turbine, as shown iRigure44. As the condenser pressure decreases, the specific volume of

the expanded steam increases and so the exhaust losses increase, up to the choke conditions.
Reducing the number of condenser active fans increases the condenser pressure; this slightly
lowers— but it can avoid choking and it reduces fan power consumption.
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Figure 44: Trend of exhaust losses of the LP stage of the steam turbine of the reference |
30°C of ambient temperature and 100% of GTs load.

The ideal condition is the one that maximise the power from the ST; the optimum number
of fan that maximises the ST power output is generally higher than the one that minimises
exhaust losses. In this way is possible to avoid the steeper section ofvibéleftrside of

Figure 44). The optimal fan number has been found for a discrete number of ambient
temperature values; these values have been interpolated to find the optimal operating fan
number for other air ambietemperatures.

To compare the reference plant with the ISCCs configurations it is necessary to estimate the
performances at every condition of temperature and load.
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Figure45 showns combined cycle efficiency variations with the ambient temperature and the
gas turbines load. At high temperatures, is lower than at nominal temperature and it
decreases with the load; gas turbines exhaust flowces and the HRSG produces less
steam, in this way both gas and steam turbines power reduces. Moreover, at partial loads,
gas turbines are less eféat, affecting fuel consumption. At low temperatures, both steam
and gas turbines power increases, hawethe higher fuel consumptions prevails and

slightly decreases.
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Figure 45: Combined cycle efficiency as a function of ambient temperature and GTs loi

Figure 46 shows the trend of the recovery factor as a function of load and ambient
temperature. It is affected by two main parameters: TOT and steam mass flow (and, as a
consequence, by pressure leyels

As the ambient temperature increases, the gas turbines exhaust flow is hotter and as the load
decreases, the TOT raises up to the target value of 649°C because of the software regulation.
In this way,nTOT between partial load and 100% load conditiansmaller for high
temperatures.

Steam mass flows reduce with increasing ambient temperature and decreasing load because
the exhaust gas mass flow is lower, with a consequent reduction of evaporation pressures in
the HRSG drums. This results in a bettecorery for increasing temperatures and
decreasing loads.

At 50% load, one gas turbine and one HRSG are shut down so the others return to their 100%
load conditions. However, there is one common steam turbine so the evaporation pressures
keep decreasing. Fdow ambient temperatureg TOT is higher and it prevails on the
reduction of pressures with a total decrease..@fhile, for high temperaturegp effect

prevails and the recovery factor step is towards an higher value.
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Figure 46: Recovery factoas a function of ambient temperature and GTs load.

In Figure 47, the efficiency of the steam cycle is reported, as a function of ambient
temperature and load.

For high temperatures, the gas turbine is characterised by a reduced exhaust flow, so the
steanproduction in the HRSG is limited ard lowers. This effect is more evident
at low loads, where the exhaust flow is even smaller.

For low temperatures, the steam turbine power is also affected by the number of operating
fans in thecondenser and the small variations are due to the fans adjustment.
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Figure 47: Steam cycle efficiency as a function of ambient temperature and GTs load

Figure 48 represents how the HRSG efficiency varies at different load and ambient
conditions. Its trend is bounded to the ones. aihd— , in fact lower, values are
shown for hidp temperature and low loads and for low temperatures and high loads.

&
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3 o
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Figure 48: HRSG efficiency as a function of ambient temperature and GTs load.
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Solar integration

In the present work, several ISCC layouts with different solar collectors have been studied
and compared in order to analyse solar integration effects on the combined cycle, in terms
of nominal conditions and annual performances over a representativdnyparticular,
integrations on the HRSG have been evaluated as well as the use of solar steam to preheat
the natural gas or to feed an absorption chiller to refrigerate the air at the gas turbine inlet.
Fuel preheating and air cooling are alternative tgmis which do not require high
temperature solar collector and which, with a reduced cost addition may be useful to enhance
combined cycle performances.

For every case, nominal ambient conditions are the ones used for the base,piRBO(T,
p=1,013 lar, =60%), while solar fields have been sized for a nominal®@RN800 W/n#*.

For representative cases, the TQ diagram is reported, in order to show how, in nominal
conditions, the integration affects the heat exchanged in the HRSG.

In Table 22, steam mass flow rates and pressures of the reference combined cycle are
reported: they can be useful to be compared with the values after the solar imagratio
order to understand in which way it affects the thermodynamic behaviour of theLoxle.
pressure level is connected to the deaerator operation so, even with solar integration, it varies
only slightly.

Table 22: reference CC steam mass flow rates and pressures for HP, IP, LP
stages of a single HRSG and steam turbine inlet conditions.

Omott Dmotl Cmotl Tidd =Rotl =mo+l =mo+l ==44 T:d4
Ebv  EFv  BFv  BRv  $ir dE> fie 4Ee o

76,11 13 10,8 152,2 130,4 28,33 4,147 126,2 565

Temperature levels of high, intermediate and low pressure are, respectively,C331,1
225,7°C and 144,9°C. Collector choice, for every case, has been made with reference to the

6 Nominal DNI is considered with azimuth and zenith angles equal to 0°
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thermal level of the point of integration, to select a receiver tube with appropriate thermal
losses.

Figure49 shows the 1Q diagram for a single HRSG of the reference CC, it displays the heat
transfer from gases to watdihe gas stack outlet temperature is equal to 98,25°C.

B00 1 1 T T T T T T 1 | 1 1 1 1 1 1 T T T | 1 1 1 1 1 1 1 T T | T T T 1 1 1 1 1 1
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Figure 49: T-Q diagram for one HRSG of the reference combined cycle with the heat fr
gases for every section.
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In following paragraphs, studied layouts will be discusSeahle 23 offers a review of
considered integrations and collectors.

Table 23: Overview of solar integrations performed in this work.

Technology
LFC PTC PTC + LFC
Integration
Supernova Eurotrough 150
EVA HP (base case] equivalent Aperture area & land ares -
SM 11,52 SM1
SupernovdHP) +
EVA HP + Supernova _ Eurotrough 150 Eurotrough 15dIP)
+Noval equivalent Aperture area éand area .
EVAIP equivalent Aperture areg
SM 11,52 SM1
SM1
Supernova Eurotrough 150
EVA HP +SH1 b equivalent Aperture area éand area -
SM 11,52
SM1
Supernova Eurotrough150
ECO+ EVA SH1 P equivalent Aperture area & land areg -
SM 11,52
SM1
Supernova Eurotrough150I
EVA + SH2 b equivalent Aperture area & land ares -
SM1
SM1
ECO + EVA +| Supernova _ Eurotrough 150
equivalent Aperture area & land areg -
SH2 SM 1
SM1
Noval Polytrough 1800
EVAIP SM1 SM1 )
EVA HP new ST Supernova i i
old SHs SM 12
EVA HP new | Supernova ) )
ST, new SH3 Hi SM 2
EVA HP new | Supernova i i
ST, new SHs SM2
. . Noval
Air cooling SM 1 - -
. Polytrough 1800
Fuel preheating - SM1 -

4.1 Solar bottoming cycle hybridisation

For the integration in the heat recovery steam generator, Fresnel and parabolic trough
technologies have been compared. Direct steam generation is studied in this work because
of its promising features, as discussedparagraph2.l, and it is employed in every
configuration.
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4.1.1 Fresnelintegrations

At first, Fresnel integration has been studied, mainly on the pighsure level of the
combined cycle. Layouts have been compared on equal solar field aperture area basis. In the
next paragraphs, the different configurations will be discussed.

4.1.1.1 High Pressure Evaporator
For the first configuration, the integration ofFaesnel solar field on the higiressure
evaporator has been chosen. This choice was guided by the fact that previous studies
(paragrapii.2.3 conduded that the best way to integrate the solar fraction is the generation
of high exergy steankigure50 shows the disposition of plant componentstfas layout:
the steam is withdrawn from the outlet of the last high pressure economisers (ECO HP3) of
both the HRSGs and it is sent to the single solar field.

o
BE 158,2]320.8 L
BE3T|15228 @J =
145.6]327.5
7335|1503
145,6]329.8
P BE[15928 A

S [
o1 45,5’-]335.5 1 45.92?.5

« B4 TE[ZEZIE 64,18 1508 i@
el - | ey

43 4k

- | by

il

RH 1 SH HP 1 EVAHP ECO HP 3 SH MP SHLP—

53 + 52 54 55 J? +53 *
Figure 50: Layout of the integration of the solar field in tigh-pressure evaporation sectior
Reported numbers are referred to the SM1 case.

The hot water passes through the solar field piping and it is directly heated, without the use
of an intermediate heat exchanger. In order to avoid thermal stressestdaectmplete
evaporation, a liquidteam mixture, with a quality of about 0.8, is produced in the solar
field: this value guarantees good wettability of the solar collector, avoiding the formation of
hot spots and it minimises the recirculating ré]. It is thus necessary to introduce a
moisture separator (component 8Figure50) and a recirculation of the separated saturated
water.

In the reference CC, the higitessure evaporation stage is at 130,4 bar and 331°C; such
high temperature requires the implementation of evacuated solar receiliers the heat
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loss though, normally, neavacuated collectors can be employed for the evaporation. For
this reason, Novatec’' s “ Sup@arag@pla’r’y. Tables s el e
24 shows main parameters of the collector. The operative pressure is higher than the values
normally employed for this kind of collectors; this problem can be overcome by increasing

the receivertube thickness for every configuration, to withstand the particular operating
conditions.This solution, at least from a theoretical point of view, does not seem to rise
particular problems, since the main problem concerning the high pressure (i.eetlerre

tube resistance) is solved.

The equation employed for the heat loss estimati{Bbis

J o :y""Y o :y'Y (b

n op 0¢ o (28)
WhereY"V¥is the difference between the local receiver tube outer temperature and the ambient

temperature. Coefficients A1 and A2 have been obtained by resaislaurves reported in
paragraph 2.7.

Table 24: Supernova collector optical and geometrical parameters.
Supernova collector parameters

Optical efficiency [%] 64,7
Receiver tube outside diameter [mm] 70
Reflector focal length [m] 7,4
Reflector aperture width [m] 12
Row pitcH [m] 20,5
Coefficient Al in heat loss per unit length equation [W/m/K] 0,15
Coefficient A2 in heat loss per unit length equation [W/fij/K 7,5E09

For header heat lossesliear trend, proportional to the difference between water/steam
and ambient temperaturesi&-Tamp) Was assumed as in equat{azo ):

a * o
Yooy @EN° (29)
Where is the header (inlet or exit) heat loss in kJ/kg @nds the mass flow

throughout the header at design conditions.

Thermoflex®, starting from the thermodynamic heat balance, initialises a value of desired
mass flux in receiver tubes with which it determines the number of flow paths needed and
calculates the pressure drop. It has been found that a correction ontihis/atiie was

needed to obtain a reasonable pressure drop. Hence, for the evaporator, the desired mass flux

7 Distance between two modules centerlines.
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has been set to 960 kg/g{nthis value has been calculated starting from available data of
Puerto Errado Il Thermosolar Power Plant, in Sjpadn.

It has been chosen not to change any component of the existent plant, tadudroahal

costs different from the solar field ones. To prevent steabine damages due to
overloading during high radiation hours, a limit on the inlet steam mass flow for the high
pressure stage of the steam turbine has been set and the solaadibkkh sized to reach

that limit in ISCC nominal conditions. The overload limit for the steam turbine has been set
to the 108% of the power output of the nominal condition in the referencd&QCthis

results in an increase of the steam turbine inlet flow of the 15%. Whenever this limit would
be exceeded, it is necessary to reduce the gas turbines load to reduce the steam produced.

Figure51 shows the TQ diagram for this plant configuration; most significant changes, with
respect to the base case, are on the high pressure line but, naturié/cgtlle is affected

by the integration. It can be noticed that the heat load on the high pressure evaporator
decreases (of about the 19%), while the heat load on high pressure economisers and
superheaters increases because of the higher mass flowoat#sabh intermediate and low
pressure evaporators and mass flows also decrease. The heat transferred inside the HRSG is
slightly increased, thus the recovery factor increases (88,87% vs. 88,66% of the reference
plant) and the stack temperature decreas@6,&8 °C. As the amount of steam increases, it

is not possible to reach the nominal steam turbine inlet temperature: it reduces to 539,3°C;
Table 25 summarises the main thermodynamic parameters of the cycle and the percent
variation from the reference CC. In theQrdiagram, it can be enlightened that the slope of

the steam curve is lower for the superheater. In addition, the introduction of thaeeddlar f
causes the rise of cycle pressures.

Table 25: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the high pressure evaporator integration.

Ovemts Cmott Cmott Dmodh D4 ==fs =mot| =mot| =4 id4
By by EBby BFvy EWy H+>» f+>» f+> f+» IF

EVAHF 58,37 64,18 11,25 10,23 175 156,2 1456 30,93 141,40 539,3

Yy b - -15,7 -13,46 -528 1498 - 11,66 9,18 12,04 -4,55
Y b is the parameter percent variation with respect to the reference combined
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Figure 51: T-Q diagram for one HRSG for the high pressure evapaoirgigration with the hea
from gases for every section.

For this configuration, the solar field has been also sized with different solar multiples, in
particular 1,5 and 2, in order to study whether a bigger sizing of the solar field can result in
betterperformances of the ISCC and if it can be economically convenient. Normally, for a
standalone solar plant, the solar multiple is defined with reference to the power block as the
ratio between the solar field thermal power and the power block thermal.povEs case,

the definition of solar multiple is different from the one for a solar stdode plant: it is not
defined with reference to the power block but to the aperture ar¢af{ the SM1 solar

field.

5
0

YD (30)

Since the SM1 solar field was sized to reach the overload limit of the steam turbine, the
increased solar thermal power causes an excessive steam production, so even the nominal
irradiance requires the reduction of the GTs load; for SM 1,5 GTsdasat to 81% while

for SM 2 to 66%.

As a general guideline, in this work, the CC has been left unchanged to add a new analysis
to the ones presented in literatparagraphl.2.3,where the combined cycle is generally
adapted for the integration. Moreover, unchanged CC components reduce investment costs
for the solar integration. However, it may be interesting tedmé main changings on the

cycle nominal conditions and annual performances whether some elements were redesign.
At this purpose, for the EVA HP integration, some configuration with components
revamping have been studied too. In particular, steam tuanidesuperheaters have been
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redesign, in order to admit the higher solar steam produced without reaching the overloading
limit on the steam turbine and thus without the necessity of GTs load reduction. The sizing
has been made keeping a mass flow produc#tk solar field equal to the one of the EVA

HP integration with the same solar multiple.

Steam Turbine Revamping

The steam turbine has been resized to accommodate the higher flow produced by solar
integration at the same nominal pressure of the meder€C. In this way, it will not be
necessary to regulate GTs load maintaining the best efficiency of the gas cycle. The steam
turbine and the solar field have been sized together, maintaining the same solar steam
produced in the EVA HP SM1; that meanstttiee solar field has been sized to produce
58,37 kg/s of steam at its nominal conditions. To reduce the steam turbine inlet pressure,
nozzle areas have been enlarged from 0.0108M.014 m and therefore steam turbine

cost has increased of about 2,46.Ms a result, cycle pressures are lower than the ones in
the previous integration while the solar field aperture area is slightly incPe@béiresizing

has been made for solar fields with solar multiple 1 and 2. Nominal values of steam mass
flow, pressures and temperatures in the HRSG are display€dbie 26 together with the
percent variation of the parameter with respect to the reference combined cycle.

Table 26: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the integration with a new turbine, solar multiples 1 and 2.

Ovemts Dwott Dwot| Dmodth Do == =mot} =mot} =4 a4
1AM [ASEE [0S ASEE ASEE &30 & S & &S]

SM1 58,37 65,28 10,81 10,02 177,2 1423 1315 28,49 126,3 543

yb = -142  -16,85 -7,22 16,43 = 0,84 0,56 0,08 -3,84
SM2  113,7 55,86 8,7 9,39 202,7 140 1326 28,66 126,3 521
ybp = -26,6  -33,08 -13,09 33,18 - 1,69 1,16 0,08 -7,82

Y b isthe parameter percent variation with respect to the reference combined ¢

Pressures in the HRSG are similar to the ones of the base case thanks to the higher size of
the steam turbine. Steam mass flows in the HRSG are lower than the nominal case,
particularly for the SM2 case, because of the higher solar steam.

Steam turbine ad superheaters revamping

The steam turbine revamping only does not allow reaching the nominal temperature at the
inlet of the steam turbine, so two different arrangements have been tried too, the first one
consists in the resizing of both the turbine #ralthird high pressure superheater (SH HP3)
while in the second one all the heat pressure superheaters (SHs) have been. For the resized

8 With the pressu reduction, the latent heat needed for the evaporation of the same mass flow minimally
increases, requiring a slightly bigger solar field
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SHs case,nozzle areas of the steam turbine have been enlarged from 0,8109,0143

m? and cost has increased dioait 3,11 M$. Exchange areas of the three superheaters have
also been increased to improve the superheating process, with a total enlargement of 7966
m? for each HRSGand a cost increase of about 1,57 M$ for the configuration with all HP
SHs changed. Wimeonly the third superheater (SH3) is changed, heat exchange area
increases of 3562 ffor each HRSG and the total additional cost is of 0,49 M$. For both
cases, only solar multiple 2 has been investigated because it presents the worst situation for
the lcad reduction of gas turbines load whether the size of the turbine is not inchiessed.

27 summarisesnain mass flows and pressure of the integrated cycle and the variation from
the reference CC.

Table 27: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the integration with new steam turbine and HP SH3 and
the integration with new ST and all HP SHs.

Ovemds Twoth Dmoth Dmwot b Oood =fq =motl =mo+l =4 144
Ebv @BPv EP> BFY BFvY dt+> f+» H+» 41> I

Sng 1132 5546 868 942 2015 1382 1308 28,66 1263 565
Vb i 271 3326 -1281 3239 - 031 116 008 0
zTH‘gS‘ 1123 5442 866 948 1987 1349 1274 2866 1262 565
Vb : 285 3336 -1223 3055 - 230 116 0 0

Y b is the parameter percent variation with respect to the reference combined cy

Figure52 andFigure53 show the FQ diagrams for both the configurations. With both the
modifications, the nominal temperature of the steam turbine is reached; mass flows and
pressure levels are quite similar to the previous ones (i.e. new steam turbine integration). T
Q diagrams underline a better matching between water and gas lines for thé secon
configuration (i.e. adjusted steam turbine and all HP superheaters); in fact, higher heat
exchange areas allow reaching higher steam temperatures at the outlet of each exchanger,
thus reducing temperature differences between the steam and flue gam®s stne so
irreversibilities. With the resizing of the third superheater only, instead, SH1 and SH2 areas
still result undersized with respect to the higher steam mass flow with a consequent reduction
of the outlet temperature with respect to the refer@e
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Figure 52: T-Q diagram for one HRSG for the high pressure evaporator integration wit
adjusted steam turbine and SH3. Heat from gases reported for every section.
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Figure 53: T-Q diagram for on&lRSG for the high pressure evaporator integration with
adjusted steam turbine and high pressure SHs. Heat from gases reported for every se

After the EVA HP, other integrations on the high pressure line have been studied; these
configurations (preséed in following paragraphs) have been made keeping a constant
aperture area (equal to the one of the {fpgssure evaporator case), in order to fix a variable
for the results comparison.
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4.1.1.2 High Pressure Evaporator and Superheater
In this case, two LFCs sl fields are integrated in the reference combined cycle; part of the
steam is evaporated and then superheated outside the HRSG, as dhigwref.

u
T s i a
—/RH2 SHHP 2 RH1|——SHHP 1 EI\.iﬁI i"i Ei)i)lHlF'|3 SH MP SH LP|—
50 117 o1 953 o2 o4 ) o7 58

‘65

Figure 54: layout of the integration of the solar field in the hjglessure evapoian and
superheating section of the combined cycle.

Even in this case, the water is taken from the third high pressure economiser (ECO HP3 in
Figure54) and it is evaporated in the solar field up to aliqy of 0,8. The saturated steam

(x=1) produced in the evaporator, once the liquid is separated, is sent to the second solar
field. Only the first stage of superheating (SH HP1) is done in the solar field; the steam is

sent back to the HRSG for furtherpguiheating. Because of the pressure levels in both the
solar fields, Novatec’s Supernova coll ector

The outlet temperature of the superheater solar field is equal to 440°C: however, since the
enployed receiver tube is able to bare highemteratures, up to 5509(Paragrapli2.7.6,the
configuration with two stages of superheating (EVA+SH2) has been evaluated too. In that
case, the solar steam is mixed with the HRSG steam before entering into the third
superheating (SH3). The entire solar field has the same aperture area of thasprases

so, as it is divided differently to assure the higher superheating of the solar steam, the
produced solar steam is lower (34,92 kg/s). There is a single field for the two superheating
stages.

In Table28, mass flows and pressures are shown.
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Table 28: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the EVA+SH integration.

O g frr- Dmod | Dwoth Dot b Diefd =iy =hot} =mo+| =44 1744
Evy EVFy EFv EVy BPv  H+» H4+>» H4+» 4> I
EVA
161,8
SH
149,9

EVA+SH1 39,99 70,68 11,48 10,4 173,4 1453 30,85 141,2 548,7

-

Y b = -7,13  -11,69 -3,70 13,93 > 11,43 890 11,89 -2,88

EVA

162,9
SH

150,4

= -5,10 -10,92 -3,52 13,27 - 11,20 8,68 11,89 -1,36

yb
Y b is the parameter percent variation with respect to the reference combined ¢

EVA+SHZ 34,92 7223 11,58 1042 1724 145 30,79 141,2 5573

As the total aperture area is divided, in this case, between the two solar fields, the total steam
produced is smaller with respect to the EVA HP case; in fact, part of the solar heat is used
to superheat the steam and so the heat available for the di@paeduced. It is to be
noticed that the value reported in the previous table is the evaporated flow, the solar steam
that is actually sent to the HRSG to finish the superheatiaig is o fw QM.

The presence of two solar fisldmoreover, causes an increase of the solar evaporator inlet
pressure. In the HRSG, evaporators present higher mass flows and so heat exchanged
increases(( X @m0 ¢ with respect to the EVA HP integration. Heat load

on the fisst high pressure superheater reduces because of the smaller steam mass flow and
so the outlet temperature increases.

Configurations with different solar multiples have been evaluated for the EVA+SH1: the
plant produces more steam from the solar field,1S8/and 2 require the reduction GTs load;
respectively 85% and 70%.

4.1.1.3 High Pressure Economiser, Evaporator and Superheater
For this configuration, two solar fields have been used ag@gure 55); in the first one,
water from the second higtressure economiser (ECO HP2) is heated up to the saturation
temperature and evaporated to the quality of 0,8. After the liquid removal, the first stage of
superheting takes place in the second solar field. The integration with two high pressure
superheating stages (ECO+EVA+SH2) has been evaluated too.
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Figure 55: layout of the integration of the solar field in the higiessureeconomiser,
evaporabn and superheating section of the combined cycle.

Table 29 showssteam mass flows and pressures, the trend is the same B¥ARSH
integration, the solar steam produced is further reduced with respect to the EVA HP
configuration because of the economisation process at the inlet of the first solar field. Thus,
heat loads on evaporators increase from previous integrations (regnamaller than the

ones of the reference case). The parameters percent variation with reference to the reference

CC is also reported.

Table 29: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the ECO+EVA+SH1 integration.

O ey Dmot b Dmoth Tuokh Tidd =y =pot| =hot| =4 144
Evv EVy EFv  EFv  BPY  H+» 4+» 5> HF+» I
ECO

ECOEVE 5508 7104 11,75 104 1729 928 1449 3087 1408 5503

+SH1 SH1
149,9

yb - -548 9,615 -3,70 13,60 - 11,122 8,97 11,57 -2,60
ECO

ECO+EV/ 162
+SH2 26,92 73,67 12 10,48  168,9 SH1 142,4 30,42 138,5 5579

147,6
p - 3,21  -7,692 -296 10,97 - 920 7,38 9,75 -1,26
P is the parameter percent variation with respect to the reference combined c

Ko X
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For SM 1,5and 2 a reduction of the GTs load is still required at nominal conditions to respect
the restraint on the steam turbine, respectively at 86% and 71%.

4.1.1.4 High Pressure Evaporator and Intermediate Pressure Evaporator
Another alternative to investigate is theguction of intermediate pressure steam combined
with the high pressure one. In particular, the overall aperture area has been kept equal to the
case of the EVA HP integration. The area of each field has then been kept proportional to
the heat transferrad the corresponding evaporator in the reference ¢agere 56 shows
theintegration layout
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Figure 56: layout of the integration of the solar field in the high and intermediate pressu
evaporators of the combined cycle.

As it can be seen, both the solar fields contemplates the moisture removal, as the steam is
always produced with a quality of 0,Bable30 showsmaincycle mass flows and pressure
values.

Table 30: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the EVA HP+IP integration.
04y Dgogf Dot Tmotl Diefd =z =mot| =mo+} =44 144
By BFv  BFv  EBFy BFyY > H+» HF» 4+» I

HP HP  HP HP
EVA 4224 168  153,7 136,9
PP o 6713 1124 103 ' 5 1412 3116 07 5468
9,62 1942 52,11 29,9
HP HP
Yb - 11,8 -13,54  -4,63 1?;338 - 8,28 9,99 8;;,18 -3,22
11,28 10,05

Y b isthe parameter percent variation with respect to the reference combined ¢
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In this case, steam produced in the HP solar fidlowier than in the previous cases, as the
aperture area is divided between medium and high pressures. With respect to the other
integrations, pressures in the cycle are higher but intermediate temperature (about 230°C)
val ue al |l ows us i nagcolldadov, avhich can HearNempesialuressup fto
250°C Geeparagrapl®.7.6. With this collector, nominal conditions do not vary a lot from
Supernova ones, the main differences are related to higher heat loss since this collector is
not equipped with the vacuum cavitfyable 31 summarises main collector parameters.
Annual performances may be slightly different from the Supernova collector because of the
different IAM coefficien®.

Table 31: Noval collector optical and geometrical parameters.

Novalcollector parameters

Optical efficiency [%] 64,7
Receiver tube outside diameter [mm] 70
Reflector focal length [m] 7,4
Reflector aperture width [m] 12
Row pitch [m] 20,5
Coefficient Al in heat loss penit length equation [W/m/K] 1,06
Coefficient A2 in heat loss per unit length equation [W/A)/K 1,2608

4.1.1.5 Intermediate Pressure Evaporator
The last Fresnel integration in the bottoming cycle in this work is the integration on the
intermediate pressure evaporator; Noval collector is still employed for the same reasons
explainedin paragrapi#.1.1.4 Figure57 sketches the layout of the integration, where the
solar field has the same aperture area of the EVA HP case.

9Noval, since the receiver tube has no vacuum gap, is equipped with a glass plate under the secondary receiver,
in order to reduce convective thermal losses. Therefore, collector performances are different from the ones of
Supernova collector.
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Figure 57: Layout of the integration of the solar field in the intermediate pressure evapore
the combined cycle.

In Table32, thermodynamic results of the integration are reported. The solar steam produced
is lower, with respect to the EVA HP integration, becaulse evaporation heat is higher.
Besides, bat losses are higher because of the lack of the vacuum gap around the receiver

tube.

Table 32: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the EVA IP integration.

04 Opotl Omodl Cmott Didd ==dq =mot| =mo+| ==<4 :d4
1A (A A A2 AR AR 1R 1N LA

HP HP
EVAP 3458 7467 11,17 10,67 1&%3 3458 74,67 317 12”‘3"8 565
195,6 30,21
HP HP
yp - 1,89  -1408 -1,20 '1|’F?1 - 42,74 11,90 '1|’Ffl 0
12,09 11,19

Y b is the parameter percent variation with respect to the reference combined ¢
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4.1.2 Fresnel integrations performance parameters in design conditions

In Table 33, main results for the Fresnel integration configurations are shown. Some
parameters have been evaluated, in order to compare the different solutions, in particular:

T "YEQUE O QIV'Q0D € U'Q 0 QD& UQ

1T - SE— steam cycle efficiency;

- = — net incremental thermal to electricity efficiency;
- = —, netincremental solar to electricity efficiency;

! ®w ———— solar share;

f '© ———, solar fraction.

Incremental efficiencies are useful to evaluate which is the direct consequence of the
integration of the solar field in the combined cycle.
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The solar integration increases the net power output of the combined cycle without the
necessity to increase fuel consumption. The total increased power is of about 20 MW for the
SM1 configurations. In accordance with the definition of solar multiple eyaglosolar
integration with SM2 has about twice the solar thermal power and, consequently, about twice
the power increase. However, the benefit from the SM2 integration is valuable only for the
cases with revamped steam turbine and heat exchangers, sethtravipower reduction of

the gas turbine would prevail on the integration benefit.

- h is not particularly significant to be compare between the different integrations,
because integrated solar fields have the same aperture areadridivey can be compared
with the overall efficiency of stardlone solar power plants; for Fresnel DSG collector
producing saturated steam in a solar only plant is about thgf@8%uvhile, for the ISCC

with saturated solar steam (EVA HP), the resufed j is about the 23,6% and it
reaches the 24,5% for EVA+SH1. Thus, the integration of the solar production into the
combined cyclencreases the conversion efficiency of the solar thermal power.

The steam cycle efficiency-( ) results slightly higher for integrated cycles; the variation
from the reference case is not very high because of the reduced solar fraction integrated. In
particular,— is higher for the integrations with evaporator and superheaters (EVA+SH1
and EVA+SH?2) integrations, which also have the best ; . This is because, as the
average temperature at which the heat is introduced in the cycle increases, the integration
results as more efficient. The solar power is evaluated as the difféeme=en the net cycle
power and the net power of the reference CC; in this way, it accounts not only for the
additional heat introduced in the cycle by the solar field but also for the fossil fraction
converted with a higher efficiency. For the integragiovithout changings of the existing
combined cycle, the solar integrated fraction results quite small; this fact is related to the
maximum mass flow limit on the steam turbine. With the same mass flow, the steam turbine
resizing causes a higher sizing bétsolar field, with a consequent increase of the solar
share; in this way, the highest HRSG efficiency value and the consequent lowest stack
temperature of the SM1 configurations are achieved.

Between the three integrations with the resized steam tuabBiI2, the most efficient one

is the one with the resizing of all the high pressure super heaters. This is because, when the
plant operates at its nominal conditions, the temperature matching in the gas turbine exhaust
heat recovery process in the HRSGmproved.

Net electric combined cycle efficiency is not reported in the following table since, for a
ISCC, the definition of this parameter is not univocal, it can be defined either as:

0QdE U'Q

0 & D ow (31)

Or as:
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6QbéGQ
- a@ D 0w (32)

In the first cas€Equation( 31)), which is the one considered in the large part of the ISCC
bibliography,0 is compared to the fuel heat input, even if they are energetically different.
0 is the net heat absorbéy field while the fuel heat input is nearly equal to the fuel
exergy.

In the second definition (Equatidqn32 )), coherent values are compared buthvevery
integration— is higher because the fuel flow is the same and net power increases. So it is
not significant to compare net electric efficiency of ISCCs with the one of the CC and, for
ISCCs only, the trend is the same as the one of inciainefficiencies: integrations with

the highestverage temperature at which the heat is introduced in the cycle have the higher
net efficiency.

4.1.3 Parabolic trougls integrations

In order to compare the Fresnel integration with an equivalent on@attadolic trough
technology has been used to perform the same integrations previously explained.
Temperature levels in the HRSG allow using both Fresnel and Parabolic technologies; CSP
industry is not yet came to the definition of which technology haspgee&irmances with

DSG, especially because DSG is a less mature technology than indirect generation. Despite
higher investment costs for the solar field, the higher efficiency of parabolic trough may
result in a more efficient integration. In fact, natyothe optical efficiency at peak condition

is higher forparabolic collectors, but in effesign conditions, the difference is further
remarked because of the incidence of the transversal argleof Fresnel systems
(paragrapl2.6.2. However, offdesign performances will be better discussedhapter 5

For each plant layout, the equivalent Parabolic trough one has been evaluated; in particular,
as several comparisons can be make, it has been chosen to perform the integration with equal
aperture area, land area and produced steam massiftovespect to the same layout in the
Fresnel.

With the same aperture area, parabolic troughs have a higher reflective area, allowing a
higher solar steam production. With equivalent land area, steam production is lower than in
Frenels cases because patabcollectors require a larger area and they need more space
between two mirrors. So, when the land area is fixed, total aperture area is lower for
parabolic troughs than for Fresnel collectors. Equivalent land area cases can be useful for
the comparisomvith the Fresnel cases whenever the available land for the solar field would
be fixed and it would imply lower investment costs for the solar field. For each case, whether
necessary, the GT
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The reference plant has pressure levels that can result tohigheal integration with a
DSG Parabolic trough, because of problems related to the mobility of the receiveseteibe (
Chapter 2 However, the integration has been performed to have comparable results with
the Fresnel integration, in terms of performances and costs.

As Fresnel collectors can better withstand kpgéssure conditions, it has also been decided

to implement the EVA HP+IP integration with the Fresnel collector on the high pressure
solar field and the parabolic trough collector on the intermediate pressure solar field. As the
intermediate pressure solaelfl is small, the integration has been performed with the
parabolic field at the same aperture area of the Fresnel medium pressure field without the
necessity to reduce the GTs load. In this case, inlet conditions of both the high pressure and
intermediumpressure stage of the steam turbine have been controlled to avoid overloading.

The collector chosen for the PT integration is the Eurotrough 150 with the Schott-PTR70
DSG receiver tubg92], Table 34 summarises main collector parameters. The mass flux
needs to be lower than the one of the Fresnel, in order to maintain a reasonable value of the
overall distributed pressure drop. In this case, the initialised value is equd t@/Asi?

[93]; in fact, since the concentration ratio is lower for PTCs than for LEEp@agraph

2.5), longer collector rows are need for the parabolic field. Reducing the mass fluxsexrea
the number of rows per field and redutes flow velocity and thus the distributed pressure
drop along the receiver. According to the smaller mass flux per row path, distributed pressure
drops in the solar fieldare lower for parabolic troughs than for Fresnel. However,
concentrated pressudeops are higher because of the mobile structure of the receiver and
the presence of expansion joints. Concentrated pressaps dre evaluateds [94]:

o .0
yn C@TX? (33)

Table 34: Eurotrough 150+ Schott PTR70-DSG collector optical and
geometrical parameters.

Eurotrough 150 collector parameters

Optical efficiency [%] 75
Receiver tube outside diameter [mm] 70
Aperture width [m] 5,77
Collector focal length [m] 1,71
Row Pitch [m] 14,43
Coefficient Aln heat loss per unit length equation [W/m/K] 0,2082
Coefficient A2 in heat loss per unit length equation [W/fij/K 7,21E09

For the EVA IP integration, it has been chosen to use another collector, in particular Nep
S o | Ralytowsgh 180@see paragraph.7.5, whose principal features are reportedable
35. This collectoris less expensive than the Eurotrough Il since the receiver tube has no

107



Chapter 4

vacuum conditions and the structure is smaller and lighter but it has poorer performances in
terms of thermal losses and optical efficgn

Table 35: Polytrough 1800 collector optical and geometrical parameters.
Polytrough 180Qollector parameters

Optical efficiency [%] 68,65
Receiver tube outside diameter [mm] 34
Aperture width[m] 1,8
Collector focal lengtfm] 0,65
Coefficient Al in heat loss per unit length equation [W/m/K] 0,673
Coefficient A2 in heat loss per unit length equation [W/A)/K 2,77E8

Table 36 and Table 37 display steam mass flows and pressure for one HRSG (the other
HRSG is characterised by the same pressure levels and flows) on the integrated cycle for
each parabolic trough configuration, except the one with both Fresnel and PT. In the table,
whereY b is the rcent variation with respect to the reference combined cycle.
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Table 36: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the integration Parabolic trough collectors with

EVA HP
)

EVA+SH1

Y b

EVA+SHZ

Y b

ECOEVA
+SH1

Yyp

ECO+
EVA+SHZ

Yp

EVA
HP+IP

EVAIP

EVAHP
LFC+
EVA IP
PTC

Aperture area equal to the corresponding Fresnel case.

. A
O frr=Umod Dmodh Dot Didd ==udq =god| =got| == '||:':'iﬂ| 8l
By EVy Wy BFyY BFY  t£» > t+» t+» IF
6587 6133 1064 10 1753 1564 1456 30,76 1412 5378
. 1942 1815 741 1518 - 1166 858 1189 -481
EVA
163.4

4536 693 1128 1033 1749 o' 146 30,96 142 5475
151.3

- 895 -1323 -435 1491 - 1196 928 12,52 -3.10
EVA
165,9

397 7164 1138 1037 175 30 1468 3111 143 5557
1532

] 587 -1246 398 1498 - 1258 981 1331 -165
ECO
163,9

4117 7072 116 1033 1744 30 1457 30,98 1416 547.2
150,9

] 708 -1077 -435 1459 - 1173 935 12,20 -315
ECO
167.7

3642 7278 1165 1038 1747 ‘o' 1465 31,13 1427 555
152.9

i 438 -1038 389 1478 - 1235 088 1307 -177

HP HP HP HP

48,08 1703 1557 1383

659 1099 1022 1D 7 1427 3186 07 5442

11,15 197 3735 30,29
HP HP
] 1341 -1546 537 11|’F?9 . 943 1140 9;?,8 3,68
12,89 11,48
HP HP
3262 7475 1126 10,66 1‘:?,’5 3748 129 31,50 12|é'9 565
194.4 30,03
HP HP
] 179 -1338 -1.30 '|2|'37 ~ 107 1119 '1|’§3 0
11,4 10,53
HP HP HP HP
42.23 1679 1536 1368
23 6708 1116 1028 17 50 12 a3 00 sa69
11,13 1951 371 30,03
HP HP

. 1186 -1415 508 1?;331 . 828 1048 SI;‘ 32
11,81 10,53
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Table 37: Steam mass flow rates and pressures for HP, IP, LP stages of a single HRSG and
steam turbine inlet conditions for the integration Parabolic trough collectors with Land
area equal to the corresponding Fresnel case.

Oy frr- Omott Omodt Omod Diefd ==y =got| =got| =4 144
By EVy EVy BFyY EBFPY  t£» > t+» t+» IF

EVAHP 4621 6664 11,63 1045 170,2 1553 1426 30,39 138,2 545

yp - 12,44 -1054 324 1183 - 936 7,27 951 -354
EVA
161,6
EVA+SH1 3214 7172 11,78 1048 1691 ~g\° 1423 3035 1382 5532
147,4
Yp - 577 938 29 11,10 - 913 7,13 951 -2,09
EVA
| 162,8
EVA+SHz 2801 7296 11,86 1049 1683 ~g° 142 303 1381 5583
148,2
Yp - 414 877 287 1058 - 890 695 943 -1,19
ECO
ECOEVA 162
wspl 2916 7272 12 4325 1688 o) 1421 30,36 1379 5531
1471
ybp - 445 769 59,95 1091 - 897 7,7 927 -211
ECO
ECO+ 164,1
EvAscH; 2568 7375 1205 105 168 o 1418 3031 1379 5578
147,9
yp - 310 -731 278 1038 - 874 699 927 -127
HP HP HP HP
EVA 3361 164,7 1533 134,7
PP > 6892 11,56 10,39 o 5~ 1391 3065 To'° 5508
8,347 190,6 36,33 29,41
HP
. HP 8,21 6,74
Yp - 945 1108 380 o0 6,67 819 5 251
8,24

Y b isthe parameter percent variation with respect to the reference combined «

With the same aperture area of the Fresnel cases, as the reflective area ofdheckr

area is higher, the solar steam produced increases, it is thus necessary to reduce gas turbines
load even with SM1 nominal conditions to respect the steam turbine inlet restraint. In
particular, for the EVA HP integration, GT load in nominal daods is equal to 96% while

for EVA+SH and ECO+EVA+SH it is 99%. The two integration with SH2 do not require

GTs load reduction at nominal conditions because the solar steam mass flow produced is
lower.
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With a land area equal to the Fresnel case, naguth# PT solar field produces less steam
because of the highest size of the collectors. It is not necessary to reduce gas turbine load
and pressure levels in the HRSG are lower than the previous case.

The total mass flow circulating in the superheasiagtion is higher for the parabolic trough
integration and, therefore, the steam turbine inlet temperature results reduced.

Results for the integration with the same solar steam produced as in the equivalent Fresnel
layout are not reported since they astally equal to Fresnel ones, with the exception of
solar field inlet pressures.

Table 38 displays main cycle results for the parabolic configurations with equivalent
Aperture and Land areas.
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Solarintegration

For the equivalent aperture area | ayout s,
reduction (EVA HP+MP) has a tigr net power than its equivalent Fresnel; the other are
affected by the partial load functioning, which is not balanced by the higher steam turbine
power. Even if the gas part of the cycle is worsen by the high solar production, heat recovery
is maximised Incremental efficiencies follow the same trend of the Fresnel cases,
highlighting higher results for the EVA+SH integration. Incremental solar to electricity
efficiency is higher for parabolic integrations because of the higher collector efficiency.
Incremental thermal to electricity efficiency shows a particular trend: it is higher for the
EVA HP configuration with parabolic troughs while, when part of the solar field is dedicated

to economiser or/and superheating decreases with respt to Fresnel cases.

With equivalent land area collectors, generated power is low and the solar integration (in
terms of solar share and solar fraction) is the smallest among the studied integrations on the
bottoming cycle- valuesare the highest between the integrations (a part from the
EVA HP case); this is caused by a higlféYin the superheating, to reach the same outlet
temperature, since the evaporation takes place at lower pressures. In this way, the average
temperature ithe solar field is higher with a consequent efficiencies increase.

4.2  Other configurations

Besides the integration in the bottoming steam cycle, it has been chosen to evaluate the
potential benefits of different kinds of integrations. Two cases are analyskd fuel
preheating and solar cooling. For both the configurations, cheap collectors can be employed
since temperature requirements are low and receiver tubes without vacuum conditions would
not cause excessive thermal losses.

4.2.1 Solar fuel preheat hybrigation

If the generation of solar steam is used for fuel preheating, it is possible to avoid the water
extraction from the HRSG. Thsolution is simpler than the others presented since there is
no interaction between the solar field and the bottomirgecylhe solar field produces
subcooled water at temperatures of about 230°C, for this temperature level, there is no need
to employ hightemperature and higéfficiency solar collectors. In this way the layout
allows a cheaper integration than previousarMoreover, it has been decided, in order to
avoid additional costs, not to change the existing heat exchanger. The main benefit on the
CC is the possibility of increase the flow expanded in the steam turbine; however, this is a
small flow and so the paav gain is very small. If the fuel flow inlet temperature considerable
increases, the GTs efficiency may be posiyivaffected by the integratiorFigure 58
represerdgthe layout of this integration.
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Figure 58: Layout of the integration of the solar field in flael preheating sectioof the
combined cycleFlows 58 and 128 are, respectively, the withdrawal and the reinjection in
HRSG.

The fluid required for the preheating is at low pressure and temperature and so the choice is
guided to a low performances technology. In particular, the solar colEtigioyed is the
Nep Sol ar’ s Pol ydescribad gparagiapfd706and eetalte@ idabhe35

For this configuration, the use of pressurized water hasdbeesen: it allows using both the

solar water produced and the HRSG together. In the solar field, hot water is produced,
maintaining a subcooling temperature of 5°C; the pressure is dictated by the HRSG
intermediate pressure drum. The solar field has beewl according to limitations imposed

by the fuel preheater; the heat exchanger fuel outlet temperature is defined by both the
maximum water flow allowable (i.e. 150% of the nameplate capacity) and the exchange
surfaces, which set the maximum outlet terapge at 148°C. At nominal conditions (i.e.

O 0 @800 W/n?, Tam=30°C) the solar water mass flow is of 6,157 kg/s and the fuel reaches
the temperature of 130°C. Since the CC has two preheating exchanger (one for each turbine),
two solar field have beeemployed, for the easier operation management.

Figure 59 shows the TQ diagram of the preheat exchanger for CC and ISCC nominal
conditions; heat exmanged increases with the solar integration and the fuel temperature
reaches 130°C. Water inlet temperature is the same for the two cases because it is the
saturation temperature at the interma¢eldrum pressure. According to the higher water mass
flow in the heat exchanger, the outlet water temperature increases.
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TQ diagram
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Figure 59: T-Q diagram of théuel preheater exchangtar the CC (continue lines) and for th
ISCC (dotted lines)

The nominal fuel inlet temperature in the refee@C is equal to 110°C; when the solar

heat is enough to achieve a temperature higher or equal to 110°C, there is no water extraction
from the HRSG. Otherwise, flows from the solar field and the HRSG are mixed together to
guarantee the nominal temperatureTable39 main results of the integration are reported

and percent variations referred to the base comboyel® show that the effects of the
integration are very small; the most evident one is the1MW increase of steam turbine power
output. A higher increment of gas turbine performances may be reached with a higher fuel
inlet temperature: that would require a new heat exchanger and would incleasihae

and fraction of the integrated cycle.
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Table 39: Main nominal results for the solar fuel preheat

integration.
Ref CC p'rse(;?a”tﬁ:g N oGs ¢
Net Power 726,27 727,35 0,15
ST power [MW] 268,02 269,11 0,41
GT powelMW] 475,12 475,10 0,00
GT fuel flow [kg/s] 27,90 27,86 -0,14
[Py MW () - 3,810 ]
Aperture arealm?] (¥) - 8255 -
e o 1 MW 3,019 3,698 22,49
b (%] 55,97 56,13 0,29
. 4[%] 36,62 36,67 0,14
b gy g d%0] - 8,21 -
L. folgd?0] - 14,23 -
o J%] g 0,584 -
3 %l - 0,15 -

_ (*) values reported are referred to a single solar field.
Y b isthe parameter percent variation with respect to tl
reference combined cycle.

4.2.2 Solarcooling hybridzation

The last integration performed in this work integrates the solar field in the combined cycle
by introducing an absorption chiller to cool the gas turbines inlet air. In this way, gas turbines
will not suffer performances reduction digethe ambient air warming. When the ambient
temperature increases, the-@moling prevents the reduction of the air flow at the
compressor inlet. In this way, the Brayton cycle has increased performances, however the
negative effect of the ambient tematire increase on the steam cycle air cooled condenser

is not improved by this solution (i.e. condenser pressure increases with ambient temperature
when an air condenser is employed, like in this case).

A double effect absorption chiller is used in these, and the nominal COP (Coefficient of
Performance) is fixed at 1,2. This system requires saturated steam at a pressure of about 9
bar [26]. The corresponding saturation temperature (about 175°C) does not require high
efficiency collectors and neevacuated receiver tubes can be used. Both medium
temperature parabolic troughs or Bmd-resnel can be suitable choices; in agreement with
previous studief29], the Noval (se@able31) collector has been chosen.

Figure60 showsthe chiller arrangement; ambient air passes through a coil where it is
cooled to the desired temperature and then it is sent tatheidpines.
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Figure 60: Layout of thesolar cooling integration for the combined cycle.

The chiller has been sized to cool the air temperature from 30°C to 15°C in nominal
conditions; in offdesign conditions, the temperature and flow rate of the chilled water
reaching the coil will determine the temperature of the air leaving the coil.cid water
freezing, a minimum limit of temperature of 9°C has been @)t

Nominal performances of the ISCC are reportetiahle40, together with the reference CC
ones.

Table 40: Main nominal results for the solar cooling hybrid

integration.
Ref CC ISC&hiller nas:e
Net Power 726,27 776,59 6,93
ST power [MW] 268,02 272,03 1,50
GT power [MW] 475,12 522,70 10,01
GT fuel flow [Kg/s] 27,90 30,02 7,60
1 4o g FEls 30 15 -50
EygMW] A 15,03 .
Aperture area[m?] - 30934 -
tee [%0] 55,97 55,62 -0,63
£y [%] 36,62 37,44 2,24

<

b is the parameter percent variation with respect to th:
reference combined cycle.
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Since the main effect of the air cooling is that the gas turbine uses a higher fuel flow, it is
not possible to distinguish the solar productioherently with what has been done for others
integration. Thus, in this case it is not possible to evaluate incremental solar efficiencies.

Reported data underline that the ambient air cooling is an effective way to increase the power
production of the cmbined cycle, the variation is mainly on the gas turbines part of the
cycle. This integration, in fact, is useful for the power boosting because it allows gas turbines
to consume a higher fuel flow (which, at the ambient temperature, would not be possible)
and to convert it into power with a higher efficiency.

On the other hand, the overall plant efficiency is decreased by the solar cooling integration.
In fact, even if the GTs efficiency increases thanks to the air cooling, the steam cycle still
works atthe ambient temperature. The condenser works at ambient temperature but with a
higher steam flow because of the reduced GT inlet temperature (the exhaust flow is higher
and sathe steam produced is higher), so the condenser pressure rises. In addit®rs the
TOT is lower, and it reduces the thermal recoveng(

The combined cycle efficiency can be expresseth paragrapt8.3, as

- - p - 5 2D (34)

As said beforer increases with the air cooling. Pressure in the HRSG slightly increase so
...decreases. Steam cgafficiency ¢ ) decreases too because the steam power is limited
by the condenser pressureaccounts for the fuel heat input that is wasted on the gas turbine
(i.e. the LVH heat input that is not converted neither in GT power nor in heat available
exhaust gases); since the fuel flow is higher for the reduced air inlet temperature, this
parameter decreases t&alues for these parameters are reportethinle 41

Table 41: + _ analysis for solar cooling

integration.
Ref CC C'ﬁl(":fr L
Fp 88,66 87,90 -086
by P 37,16 3667 132
v 0,99 0,97 -2,02

Y b is the parameter percent variation witt
respect to the reference combined cycle.
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Yearly simulations

In this chapter, main results for previously analysed configuration are presentdésigff
simulations have been carried out in order to analyse the qualitative plant behaviour during
a whole representative year and to evaluate performarreeneters employedbr the
following economic evaluation. Simulations are performed using thdeasign mode in
Thermoflex® to consider theeffect of ambient temperature, DNI and logariationson

ISCCs layoutsFirst, configurations results are shown fbree representative days with
good availability of sun radiation (one in summer, one in winter and one in autumn/spring)
as representative of the seasonal variation of plant performances. Then,eivavabur,
evaluatedon an hourly basjds reportedor each configurationto compare the different
solutions proposedPlant analysis has been carried,dot the solar bottoming hybridisation,
considering the plant as functioning for 8760 hours per (f&arin power boosting mode).
Then, for one integtion, a scheduled loatenarichas beestudied to evaluate fuel saving
mode. In the end, for the other integrations studied in the previous chapter, only power
boosting analysis has been performed.

5.1 Simulation method

The Sun Belt region (between 40gdees north and south of the equator) is particularly
suited for the placement of the ISCC, since the CSP technology requires high solar irradiance
to work [16]. This region includethe Middle East, North Africa, South Ada, India, the
Southwest of the United States, Mexico, Peru, Chile, Western China, Australia, southern
Europe and Turkeyas shown irfrigure61.
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Suitability for
CSP plants:

Excellent

Good
Viable

Unsuitable

Figure 61: Solar irradiance world map, where the Sun Belt is highligf@édi

In this work the selected location is Las Vedaable42, Figure62 andFigure63), an area

in which trere is a high solarradiation and average ambient temperatures are quite high.
Moreover, some combined cycle are already present. Therefore, it seem a potential good
location for the location of an ISCC.

Table 42: Las Vegas geographical coordinates and weather data.

Site data
Site name Las Vegas, NWUSA
Latitude 36° 10" 30" N
Longitude 115°08' 11" W
Annual DNI 2592 kWh/nt/year
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Figure 62: Hourly DNI distribution for each day of the yearlias Vegas (NV)
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Figure 63: Inverse cumulative function of the direct normal irradiation andiant temperature

in Las Vegas.
Yearly simulations are performed using weather data available in different database; in
particulard at a are taken from NREL’ s [9F ardihaver a | Sol

TMY3 format. The TMY3s are data sets of hourly values of saladiation and
meteorologicatatafor atypical 1-year period

With the purpose to avoid excessive computational costs and timings of simulations, for each
operative hour of integrated plants, an interpolation method has been employed to obtain
plants peformances for every day of the year. For this reason, the DNI was given as a direct
input to Thermoflex® setting zenith and azimuth angles equal to zero; in this way the input
DNl is equal to the effective DM The effective DNIs the solar irradiance that is actually
absorbed by the solar field and contributes to electricity generation; it depends on the
employed collector. In fact, it is affected by the collector Incidence Angle Modifier (IAM),
which accounts for variation inaterial proprieties, and of the incidence angle, that reduces
the irradiance available on the aperture area of the colles#eparagrapi®.6) Figure 64

shows the effective DNI cumulative function along the whole year for the Eurotrough II
parabolic collector and the Supernova Fresnel colléotdras Vegas.

Effective DNI
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Figure 64: Inverse cumulative function of tleffective DNI in Las Vegas for PTC (ET Il) anc
LFC (Supernova EVA HP).

0with azimuth and zenith se to &llector efficiency corrective values are equal to 1.
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The effective DNI has been calculated for each hour of the year using relationships reported
in APPENDIX A:for the calculation of the sun positi¢88]. Once Azimuth ad Zenith

angles values are known, the effective DNI can be evaluated, for Parabolic trough and
Fresnel colledrs can be calculated with the reported formulas.

The incidence angle [°] for a parabolic trough whose axis is oriented inswrth direction
can be expressed as:

— AT Op AT OAT O (35)
For Fresnel collectors, the incidence angle can be split into two comporeautst—, as
described inparagraph2.6 — is the same of The transversal angle [°] can be evaluated

through the following expression:

)
— Al ——
O A (36)

O

The incidence angle modifier, which i&@own function of the incidence and/or transversal
angles, can be calculated for both PT and LFR collectors.

The effective DNI for linear Fresnel can defined as:

O U0 00 10006 6— t'00 6— - (37)
Where— is defined, as iparagrapt?.6.
~ .. O
- P OA+ - (38)

Il AM functi ons f-band SUupemava eollectars aleaaken directly from
Thermoflex® database; they are reporteganagrapt?.7.6.

Theeffective DNI for a generic PT collector, is expressed as follows:

o0y Ot —t- t— (39)
Where— is defined, as in
| ET Agr g O
- Hs—%%7&5 P (40)

0 — for Eurotrough Il collector has the following expressiéf]:

0 — ATS vRuvpmn— cpv W — (41)
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In this casep) — also accounts for end collector losses.

O—for Polytrough 1800 has be[é3handitateadis f r om

reported inparagrapt2.7.5

The power produced in each hooir the year has been evaluated to obtain the annual
electricity production O . In addition, since some integrations require the GTs
load reduction to avoid the steam turbine overloading, the equivalent CC annual electricity
production O has been calculated. It is the electricity that would have been
produced by the reference combined cycle at the same GT loadchf ISCC layout
analysed. The electricity production of the equivalent CC has been used to evaluate the solar
electricity production, as shown Equation( 42):

O O o i (42)
In addition, the annual heat absorbed by the solar field; and the annual fuel
consumption & have been calculated by interpolation. It is thus possible to

determinate values of annual performance parameters, useful to evaluate and compare the
different configurations.

The yearly overall efficiency:

—h a i D O (43)

- h 5 000 (44)

The annuaincremental solato-thermal conversion efficiency, defined as:

) O
- h i : (45)
The annual solar field efficiency is defined as:
~ 6 F‘
- R 5 050 (46)

The annual solar share is defined as:
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h
a q D Oowo f (47)

5.2 Power boosting

An operation at full load for 87600krs has beerfirstly assumed.Thus, annual solar
contributions discussed below represent lower limits on the range of possible values. In
reality, plants will follow the demand profiles for the local utility. They may be shut down
at night, and will likely udergo scheduled maintenance during the wir@ensequently,

the local dispatch requirements will increase the calculated solar contribution.

The full operationakcenariois interesting to evaluate plants performances when a power
boosting integration is considered; solar production results as an addition to the reference
combined cycle power output. Itis to be noticed that GTs in the ISCC can not always operate
at 100% bad because of the overloading limit on the steam turbine. Thus, this load reduction
is not related to an external load profile but to the integration strategy adopted.

Simulations have been carried out for a defined number of cases, where ambientteenpera
has been varied in a range freBfC to 45°C and the effective DNI in a range from 0 to
1000 W/ni. In this case, the GTs load has not been reduced to vary the power output; a
control has been activated during computations in order to maintain theg kb&cthaximum

value that guaranteésat theoverloading limit on the steam turbirgerespected. In this way,

it is univocally defined as the ambient temperature and the effectivaf@Nhown.

The offdesign behaviour of the solar field is evaluateduigh the thermal model available
in Thermoflex®[65]. Inputs for offdesign simulations carried out in Thermoflex® have
been evaluated through the thermal model for thermal losses descrgaedgnapl?.7.1

The obtained outputs have then been interpolated as a function of the ambient temperature
and the effective DNI to obtain the values of the desired parameters for every lioar of
year.Interpolation have been carried out with the free Excel library XonGi9d).

5.2.1 Representative days simulations

In this section, trends for some significant parameters are reported; they all are referred to
the EVA HP layout. These parameters are useful to understand how the integration affects
the combined cycle at varying ambient temperatures and DNI conditidnhey explain

the overall yearly behaviour of integrated cycles. Trends for the other configurations are not
reported in this section since, even if with different quantitative results, the same conclusions
can be deduced.

Chosen days for simulations a@nuary 18 for winter, August 11" for summer and October
4™ for autumn; they are representative of seasonal ambient variation. In this way, plant
performances over the whole year are qualitatively described.
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5.2.1.1 Solar Field analysis

In Figure65, Figure66, Figure67 andFigure68 the DNI, the effective DNI and ambient
temperature for these days are shown. The ambient tatapeeffect on the solar field is
limited, since it only affects the receiver heat losses, which slightly decrease with the growth
of Tamb The impact on the combined cycle is greater, since the increase of the ambient
temperatures affects the GTs, lowgyitheirefficiencies, and the air condenser, increasing
the condensation pressure.
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Figure 65: Daily trends of DNI.
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Figure 66: Daily trends of effective DNI for LFC.
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Figure 67: Daily trends of effective DNIfor PTC.

In Figure66 andFigure67, trends for the effective DNI for PTC and LFC are shown. It can
be seen that the effective DNI for parabolic trough is higher, more than about 43% during
the winter day. In fact, Fresnel cattors have lower peak optical efficiencies (64,7% for
Supernova andsPo for ET150). Moreover, in offlesign conditions LFCs also suffer for the

effect of transversal and longitudinal anglssd paragraph.6), while PTCs have only the
penalisation of the incidence angle.
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Figure 68: Trend of ambient temperature during representative days.
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In Figure69, Figure70 andFigure71, variationsof DNI and thermal energy transferred to

the working fluid O  are shown. Trends are referred to EVA HP layouts for both PT and
LFR technologycompared on equal collector aperture area. Since solar fields have the same
total aperture area, they can be compared on equal basis for technologies employed in the
different layouts.
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Figure 69: Trends of DNI and net heabsorbed by fluid in the solar field in the reference
summer day for PC and LFC
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Figure 70: Trends of DNI and net heat absorbed by fluid in the solar field irefeeence
autumnday for PTC and LFC.
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Figure 71: Trends of DNI and net heat absorbedlbyd in the solar field in the reference wint
day for PT and LFC

Even during winter, the DNI is very high, due to the geographical location of Las Vegas.
However, the heat transferred in the solar field is rather lower than the summémnisne;
effect is caused e higher values of the radiation incideaoglethatpenalises the overall
solar field efficiencyreducing the effective DNI on the solar receiver
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PTCs show better performance than the LFCs, which have a significant efficiency penalty
for high incidence angle of radiation, particularly in the first andHasts of the day; in

fact, the net power transferred to the working fluid for PTCs is about 25% higher than for
Fresnel in summer days and up to 60% higher during winter @hgssaddle trend in the
central hours of the day, when the zenith anghagher, is due to the cosine effect and it is
more evident for PTC collectors, which, however, maintain the highest efficiency and thus
the highest effective DNI. For the winter day, the shape is more evident because of the lower
ambient temperature, whiahcreases the thermal losses towards the ambient.

5.2.1.2 Cycle analysis

Figure72 showsthe hourly solato-electricity efficiency for EVA HP with SM1 inggation.
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Figure 72: Daily trends ofincremental solato-electricity efficiencyfor EVA HP SM1
configuration

Reported curves refer to the integration with LFCs; for PTCs, they are similar qualitatively,
though their is higher for all the days analysed. In fact, PTCs are able to capture
a higher amount of solar radiation, since they have a higher solar field efficiency than LFCs
(about 65% for a LFC againabout55% for a PTC during summer). In summer days, the
incremental efficiency reaches its higher values, sincedbi® is higher and thermal
losses decreas&"(Ybetween ambient and collector decreases), increasing the electricity
production attributedo the solar resource. During winter, Is sensibly lower. In

fact, even if théO 0 ‘€©@ming from the sun remains high, #8ajO significantly decreases
because of thsun positionIn addition, the temperature differencevibetn the receiver and

the ambient increases, worsening receiver thermal losses.
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For Fresnellayouts, asdescribed irparagraph.1.1, solar multipls 1,5and 2 have been
evaluated tooln Figure 73, Figure 74 and Figure 75, trends for the hourly electricity
production are shown for EVA HP cogdiration with Fresnel solar collector and different
solar multiples. As the SM increases, the required teddction on gas turbines, needed to
keep the steam mass flow under the maximum limit of the steam turbine, is higher to
introduce in the cycle thisigher solar steam produced.
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Figure 73: Daily summer ftends of net power produced by reference CC with GTs at 100%
and ISCCSM1.
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Power production SM 1,5summer
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Figure 74: Daily summer ftends of net power produced taference CC with GTs at 100&ad
and ISCCSM1,5
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Figure 75: Daily summer fiends of net power produced by reference CC with GTs at 100%
and ISCCSM2.

During night hours, behaviours of the different configuratiare identical to the reference

case since no changings have been made on the base combined cycle. During sunny hours,
the three configurations shoxery different powermproduction curved-igure73 shows that

the solar integration with SM1 boosts the net power output in comparison with the reference
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CC, since GTs are nearly at full load operating conditions in every hour of the day. In
addition, in hows from 14 to 16, the ISCC shows an increase of the power augmentation
with respect to reference CC. For the CC, the steam power output reduces during the day
because of the increase of ambient temperature that worsens cycle performaances,
discussed iparagrap!8.4,(lower gas turbines efficiency, lower condenser pressure). For the
ISCC instead, the higher ambient temperature has a double idluereduces the power
production because of the effect on gas turbines but it also has the benefit of reducing solar
receiver heat losses, even if this effect is marginal with respect to the influence on GTs. At
the increase of the ambient temperatumeespond tan increasing value of B&'O  with

a consequent increasing solar power production. In this way, as the ambient temperature
increases over the nominal one, the solar integration can be exploited with a higher
efficiency. Moreover, theaquested load reduction on gas turbines is lower; since the steam
mass flow produced by exhaust gases cooling decreases (as for the CC), there is more margin
before reaching the maximum limit imposed, so the solar steam introduction does not affect
gas tubines performances.

SM 1,5 and SM 2 configurationkigure 74 andFigure75) showdifferent trends, since the

total GTs load is markedly reduced to let the steam turbine accept all the available steam
produced by the solar fieldt must be underlined that this integration does not allow the
power boosting of the cycle, since GTs are often at load lower than 100%, and the total
power producible in hours with high effective DNI is limitefithe solar contribution is
always at the maximum level. Howey#he reduction of the npbwer is accompaniaalith

the reduction of the natural gas requested by GTs, as shdviguire76.
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Figure 76: Trends of fuel consumption oéference CC with GTs at 100% GT load and SM
SM 1.5 and SM2 ISCCs during the reference summer day.
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The overall combined cycle efficiency (defined as the ratio of net power output with respect
to the net fuel input) is higher for SM2 rather than SMfigomationso the reduction of the

fuel consumption prevails over the lower electricity outpatause of the high power
production from solar steam

This behaviour suggests that solar multiples higher than 1 may not be convenient when the
generation sttagy foresees the production of the maximum deliverable power. However, if

a scheduled load is considered, results may change since the SM2 configuration allows a
great part of the power output to be produced by the solar steam.

It is possible to keep at least the same power output of the reference @@uising the
effective DNI, i.e.defocusinghe solar field. In this way, it is possible to increase the GTs
load, reachingfor hours from 7 to 17the same net power output of tlederence CCEFor

each sunny hour, the minimum defocused fraction of the solar field, required to keep the
sameenergyoutput of the reference C@ithout solar integrationhas been found.

Figure77 shows the fuel consumption of the EVA HP integration with SM2 as a function of
the effective DNI and of the ration between produced power and nominal power (where the
nominal power is the one of the saméegration with SM1). It highlights that, when the

'O GO is high (above 400 W/#), the power is limited by the maximum GTs power load so

a high power production would require the reduction of the effeQive'®lowever, if the

requested power lswer, the maximum solar productiaanbeexploited with a higher fuel
saving.
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Figure 77: Fuel consumption as a function of the ratio between the produced power anc
nominal powerfor the SM2 EVA HP integratioat Tam, 30°C, DNI 800 W/

If combined cycle components (steam turbines and/or superheatersidasegre to match
the highest steam mass flow produced by thetl&~power output for high S$/increases.

In Figure78, power production for EVA HP SM2 with the revamping of the ST and all the
high pressure superheateyat exchangeis shown.
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Figure 78: Trends of net power producég reference CC with GTs at 100% GT load and IS
SM2 with new STand SHs duringummerand winterdays.

During sunny hoursa great increase of the net power produced by the IS@gistered,
boosting the power production of about 50 MW must be oticed that a penalisatidjof

about 4 MW)occurs during night hours because, since the new steam turbine nozzle areas
are higher than old ones, when the solar steam is not available, the steam turbine inlet
pressure decreases. The condenser pressure gathe of the reference CC at the same
temperature and thus the new turbine expansion line and, consequently, the power output are
smaller. The overnight penalisation is less evident during winter days because, since the
ambient temperature is low, the @te produced in the HRSG is higher than in the nominal
case, thus the superheater higher size is an advairtiaggmmerit is evident the higher

solar production during daytimbéut at night the power output is further reduced because
higher superheaterseas require a higher desuperheating flow when the steam production
is low.

In Figure 79 and Figure 80, trends for the tengrature at the inlet of the new HP steam
turbine fa the EVA HP integration are shown. First, for the case with SM1 (old SHs), then
also for the other analysed configurations with CC revamping.
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Figure 79: Trends ofHP turbine inlet temperatufer EVA HP SM1 configuration during
representative days

Figure 79 highlights that the temperature is almost constant during nights and it is lower for
autumn and winter. This effect is due to the increased steam mass flow circulating in SHs,
which is higherwhen the ambient temperature is lower and/or when the solar field is
working. When the steam mass flow significantly increases above the nominal value,
superheaters areas are too small to keep the nominal exit steam temperature (565 °C).
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Figure 80: Trends ofHP turbine inlet temperatufer three different configurations during
summer representative day
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In Figure80, trends for EVA HP configuration with solar multiple 1 and 2 and with SM2
and the new STwith old SHs) are shown for the summer day. The inlet ST temperature
reaches 40°C below the nominal value for the configuration with the revamping of the steam
turbine

The SHs resizing allows reaching the nominal ST inlet temperature even when the solar
steam production reaches its highest values. However, when the DNI is low or absent, SHs
result oversized for the circulating steam, with a consequent excessivesénofé&H tubes
temperature. To avoid heat exchangers damages, a desuperheating mass flow is withdrawn
from the high pressure line to keep the outlet steam temperature at its nominal value and
this, as previously stated, affects the combined cycle pref@esan

In Figure81, values of the ST inlet pressure for EVA HP with LFR configuration are shown.
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Figure 81: Trends ofHP tuibine inlet pressurtor EVA HP SM1 configuration during
representative days

The pressure level varies seasonally, depending on the mass flow circulating in the heat
recovery steam generat@uring sunny hours, the steam mass flow rate in the ST increases
thanks to the additional input of the solar field ane pressursignificantly increases. In
particular, for summer days, the increase of pressure can be very high; starting from 126 bar
when no solar steam is produced, it reaches values of about 140 bar. During the central hours
of the day, the pressure value is almost constant because of the plant regulation, which keeps
the steam mass flow at HP ST inlet at 115% of the nominal value twaenis abundance

of solar irradiance. Pressure variations in the HRSG are tied to the steam turbine inlet
pressure.
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5.2.2 Yearly simulations results

In the following sectionresults forannual simulation are presented, in terms of overall
electricity produdbn and solar production.
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Figure 82: Annual electricity production fahe reference CC and ISGiifferent layouts with
LFC and different solar multiples

In Figure 82, the annual electricity production for different solar multiple and different
integration layout is represented. Configurations with solar multiple 1 always show an
increase in the total eleiity produced, which results in a power boosting effect with
respect to the reference CC. Generally, the total electricity production decreases for
configurations with higher solar multiple; the solar steam production increases significantly
thanks to e bigger sizing of the solar field but the GTs load must be reduced in order to
avoid overloading on the steam turbine. Overall, the gas turbines power reduction prevails
over the solar production.

The EVA HP+IP integration, during the year, is charaster by the highest electricity
production among the configurations with high solar multiples; in particular, with SM1,5,
the annual electricity is still higher than the one of the reference case. This is because, at the
same solar multiple, GTs load nedelss reduction in the EVA HP+IP configuration than in

the others. Since the total aperture areas (i.e. the sum of aperture areas of all ISCC solar
fields) are almost equal, the HP solar field area results smaller in the EVA HP+IP layout
than in the EVA HPone. The solar high pressure steam produced is lower and the high
pressure stage of the ST does not reach its maximum capacity limit. Because of that, the
control for GTs load is set on the IP ST, whose limit is set to the 115% of its nominal
capacity, agor the HP ST. Since the nominal capacity of the IP ST is higher than the HP
one, there is more margin for solar steam produced before the GTs load reduction is required
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(about 26,2 kg/s of total additional steam accepted in the EVA HP+IP configuragimistag
22,8 kg/s for EVA HP). The required load reductions for EVA HP and EVA HP+IP
configurations are shown Figure83 andFigure84.
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Figure 83: GTs load regulation as a function of the effective DNI and ambient temperatur
EVA HP layout.
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Figure 84: GTs load regulation as a function of the effective DNI and ambient temperatur
EVA HP+IP layout.
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The EVA HP+IP configuration produces more electricity than EVA+SH and
ECO+EVA+SH ones because it is able to produce mor stbéam without GTs load
reductions thanks to the intermediate pressure solar evaporator.
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Figure 85: Annual electricity productioattributed to the solar resourm different layouts
with LFC and different solar multiple

Figure85 shows the solar electricity production for the previously analysed configurations.
For SM1, EVA HP and EVA+SH show the highest solar production, since the temperatures
of introduction of théheat in the cycle is higher. Instead, EVA HP+IP has a part of its solar
field (i.e. IP evaporator) that gains heat at lower temperatures, and thus the total contribution
of the solar field to electricity production is lower.

Because of GTs load reducti@nnual electricity production can decrease markedly when a
great amount of solar steam is available. With the aim of keeping the electricity production
at least equal to the reference CC, the solar field can be partially defocused to raise the GTs
load andconsequently the cycle efficiency. Results for EVA HP defocused configurations
are shown irFigure86 and inFigure87.
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Figure 86: Annualelectricity productiorwith and without defocusing for the EVA HP layou
with LFC and different solar multiples
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Figure 87: Annualsolarelectricity productionwith and without defocusing for the EVA HP
layoutwith LFC and different solar multiples

For SM1 configuration, there are not significant changes between the simulations, in fact
GTs loaddecreases slightly without defocusing. The difference is more evident for higher
solar multiplesThe total electricity production is still higher for the SM1 configuration; in
fact, since the load reduction is limited, the solar integration is reflecti icycle power
boosting. The defocusing is introduced to guarantee that the integrated cycle does not
produce less energy than the reference combined cycle; in this way, for the hours which need
defocusing, the power output is equal to the reference&Cand sohowever the solar

power cannot be fully exploitedloreover, even if with the defocusing of the solar field is
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possible to achieve a higher overall electricity production, the solar production decreases
proportionally to the defocused fractiohthe solar field.

Another way to avoid thdecrease of the net power output is to resize the ST. Annual results,
in terms of Electricity production and solar electricity for these cases are shbiguiia88
and inFigure89.
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Figure 88: Annual electricity production faihe reference CC and EVA HP LFC with and
without revamping
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Figure 89: Annual solamproduction for theEVA HP LFC layoutwith and without revamping
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The boosting effect of the new ST is evident in comparison to the EVA HP SM2
configuration; in particular, the layout where all SHs have also been replaced shows the best
results. However, the solar electricity production is lower for revamping CC caatfimns;

in fact the solar electricitylefined as in Equatiof¥2), accounts also for the power decrease

with respect to the reference CC duringhtigours. This is due to the fact that, when the
solar field is not operating, tH8T is oversized in comparison withe steam mass flow
produced by the HRSGs. In this way, when the solar steam is not available, the same steam
flow of the reference cycl@t the same ambient conditionsexpanded in a larger turbine;

inlet pressure is thus lower and the enthalpy variation exploited is lower too. Consequently,
power output of the new turbine is reduced, as showedrigure 78. Moreover,
desuperheating is needed to control the heat exchanger temperature. Power decrease is
higher for the new ST and SH3 because of thedrigize of the heat exahger andhe

higher request deperheating.

In Figure90 andFigure 91, integrationswith different solar collectors, with solar multiple
equal to 1, are compared.
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Figure 90: Annual electricity productiondir different layouts with SM1 and different solar
technologies.
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Solar Electricity
70,00

60,00
50,00
40,00

30,00

Electricity [GWh]

20,00
10,00

0,00
EVAHP EVAHP+IP EVA+SH1 ECO+EVA+SHEVA +SH2 ECO + EVA+ EVAIP
SH2

LFC = PTC,Apeq. mPTC, Aland eq. mEVA HP LFC + IP PTC (Ap eq.)

Figure 91: Annual solar electricity production for different layouts with SM1 and different s
technologies.

PTC configurations are compared on equal aperture area or on equal land area basis with
respect to LFC layout all witBM1. PTC configurations with equal land area produce almost
the same electricity output with respect to LFC, but the solar electricity production is slightly
lower for PTC. In fact, one of the advantages of LFC is thattbguired land area is smaller

than PTCbecause the latter requiredigherdistance between each raw limit shading,

while for LFC this requirement is minimised. For this reason, LFC can be more easily
handled when only a limited land area is available, as can happen when thegiontagr
existing plant is considered. Because of the higher overall efficiency, PTCs can produce,
with the same aperture area, a higher quantity of electricity from the solar resource.
However, since the steam production in the solar field is sensiliighithe GTs load must

be decreased more often and, therefore, the annual electricity production results lower. The
only exception is the EVA HP+IP configuration because, in this case, the GTs load decreases
only slightly and the boosting effect of the @okteam prevails on the load reductibor
configurationghat include SH2being equal the aperture area, a higher fraction of the solar
field is dedicated to the superheating with a consequent decrease of the steam produced and
so of the required GTe&d reduction. In this way, the highest parabolic production is more
evident, and the electricity productiorhigiher for PTCs than for LFCs.

From the annual simulation, it can be seen that the increase of the solar multiple allows the
production of moreenergy from the solar source and a fuel saving, at the expenses of a
limitation on the maximum energy production. Instead, with solar multiple equal to 1 the
power boosting effect is maximised. The analysis of j R (Figure92) confirms

the same trend of the nominal conditions; annually, configurations with hégleeage
temperature on solar field are characterlsgtighest valueso , as for nominal conditions,

i's higher for parabolic troughs integration
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account for the GTs load reduction. It increases as)théncreases and it is higher for
equivalent are®TCs.
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Figure 92: t. . swp g k- - o fOk different layouts, SM1 and different solar technologies.

Among all the SM1 configurations, the highest electricity production is achieved with
configurations with part of the superheating made in the solar field. In particular, the highest
values are reached with PTCs at equivalent land area even if theprsalaction is slightly

lower than Fresels one. EVA HP+IP also has a high electricity production, in particular when
the two solar fields are designed using different collectors. Finally, EVA HP has one of the
lower total electricity productions but it aeles the highest solar energy produced with
LFCs. The economic analysis must be carried out to understand which solution represents
the best compromises between costs and electricity production (solar and overall).

Results so far exposed are relatedn® power boosting mode, tiselar field is used to
produceadditional energy during the year. For SMs higher than 1, the overall production is
lower than the one of the reference case so there is no convenience in a larger solar field.
The solar share is very low because the fossil production is always at munaxalue. For

some cases, there is a slight reduction of the fuel consumption but this is due only to the
requirement of keeping the steam turbine inlet steam mass flow within the maximum value
so the reduction in Cemissions is not properly considembThe correct way to estimate

the potential of C@emissions reduction of ISCCs is by considering the fuel saving modality.

5.3 Fuel saving

This scenario considers a load curve during the yamaexample okcheduledoad for a
combined cycle load has beatiapted from data from the Italian GME (Gestore del Mercato
Elettrico101]. Figure93 shows the one week profile that has been extended on the whole
year.lt is characterised by several hours in which the plant is shut down, even during sunny
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hours, so this may not be a perfect condition for the ISCC. Howeverctinve is not
representative for every combined cycle.
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Figure 93: Scheduled load profile for the fuel saving scenario.

ISCC and reference CC have to be compared when producing the same power output. In this
way, it ispossible to estimate how much the solar integration can reduce fuel consumption,
and thus C@emissions, and how the different regulations can change electricity costs.

For this case, Thermoflex® simulation has been set up differently form the powsing
case. In particular, for every combination of temperature (5@ to 45°C, with 5°C steps)
and DNI (from 0 to 1000 W/#), several load conditions (from 100% to 20% of the GTs
load) have been simulated.

Only the EVA HP configuration has beenaéyated in this scenario, because from the
previous analysis (and from the economic analysis presen@thjpter §it results the most
convenient cofiguration. Solar multiples 1 and 2 have been simulated; in fact, it is
interesting to verify if, with respect to the results of the power boosting strategy, there is an
effective convenience in having a bigger size field when the electricity producfimads

In this case, SM2 configuration allows producing a higher fraction of the requested
electricity from the solar resource, further minimising fuel consumption with respect to the
solar multiple 1and thus reducing fuel costs. Cost analysis will teénedif fuel cost
reduction is enough to make integrations convenient.

Ambient conditions are the same of the power boosting analysis (representative year in Las
Vegas) and the load profile requires often the plant to operate at GTs load lower than 50%.
In some cases, solar field production allows shutting down one of the two gas turbines in the
ISCC, while the reference CC needs to operate with both the turbines at low loads. in this
way, in the integrated cycle, the GT efficiency is higher.
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Over the representative year, both the SM1 and the SM2 allow producing the requested
electricity with a fuel consumption reduction, which is more evident for the SM2
configurationsFigure94 shows the fuel consumption over 48 hours (Augu$tai@l 17).

When there is not enoudb ('O to switch onthe solar field, the fuel consumption is the
same for the two plants while, during sunny hourss libwer for the ISCC. The difference
between the two lines reaches about 22% for the hours witfChitfh .
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Figure 94: Fuel consumption over 48 hours (August a6id 17) for the reference
combined cycle and EVA HBM2 in the scheduled load scenario.

Consequently, the integrated plant allows reducing @®@issions, from 346276 ton/yr of
the reference CC to 306829 ton/yr and 301861 ton/yr respectively for SM1 and SM2
configurations. That is an emission reductiod 4% for SM1 and 12,8% for SM2.

Annual solar shares for these configurations with the fuel saving strategy increase with
respect to power boosting one, in fact, when the plant is working and there is enough solar
energy, only the fossil power is redudgdreducing GTs load.

Given load profiles are characterized by some days in which the plant does not operate or is
shut down during hours of high radiation. Since ISCC has an integrated renewable fraction,
in a scenario in which a subsidies program foemable energy is foreseen, the plant would
likely be working when the effective DNI is high enough to guarantee the solar production.
To estimate what would result with this different scenario (Modified scheduled load), it has
been decided to evaluate thlectricity production with the integrated plant working at the
25% of the GTs total load (i.e. a single turbine operating at 50% load) when the solar field
can work, to allow the solar production.Rigure95the new fuel consumption for the ISCC

is represented for the same 48 hours of the previmes(@aigust, 18and 17). Hours from
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14 to 18, the higher fuel consumption of the ISCC, which isemiron to allow the solar
production.

Fuel consumption

N
(¢

N
o

m fuel [kg/s]
S @

(&)1

o
S

0 6 12 18 24 30 36 42 48
Hour

EVA HP SM2——Ref CC

Figure 95: Fuel consumption over 48 hours (August &8d 17" for the reference combined
cycle and EVA HP SM2 in the modified scheduled load scenario.

In this case, the solar share dhd solar power increase but the fuel consumption increases
too (and it is higher than the reference CC consumption) because the plant operates for a
higher number of hours.

Table43 summarises the main annual parameters for SM1 and SM2 configurations with the
three loadregulations analysed: full load (i.e. power boosting), scheduled leadugl
saving) and modified scheduled load.

Table 43: electricity production, solar share and CO; emissions for SM1 and SM2 EVA
HP with three different load regulations.

Electricity Production  Solar Electricity °vE CQ
emissions
17 Iq » T aF 'l 2 b < »
Fullload SM1 6675,97 42,04 0,84 2493905
Scheduled load SM1 2152,83 34,36 1,77 828439
Modified scheduled
load SM1. 3839,80 47,27 1,43 1461098
Full load SM2 6497,13 81,52 1,71 2422887
Scheduled load SM2 2152,83 63,25 3,53 815027
Modified scheduled
load SM?2 2303,88 90,67 4,62 877836
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5.4  Other integrations — Power boosting

Yearly simulations have been carried out for fuel preheating and solar cooling configurations
too, for these layouts, the power boosting only is considered (i.e. full load operation for
8760h per year)They are not included in the previous analysis since the solar field has been
sized with a different approach with respecbtioer configurations and, being different the
integration effects on the cycle, results are difficult to compare.

5.4.1 Solar fuel preheat hybridisation

The fuel preheating layout allows the reduction of water withdrfneal the HRSG with a
slightly increase of the steam cycle annual efficigffiigm 35,49% to 36,54%6 The annual

fuel efficiency is only slightly increased by the preheating integration since the fuel inlet
temperature increase is not very highe boosing effect is still very lightin comparison

to the previously analysed configuratson

Table 44: Annual simulation results for solar fuel preheat hybridization

Refcc |SCGTuel
preheating

Electricity production 6643,64 6646,35

17 ke >
Solar Production 2,88
17 ke =
Fuel consumption 924748 024606
<« fa >
L
il 5 - 16,406
a7 k>
o gP - 0,137

The solar electricity productias equal to the total power difference between the integrated
plant and the reference CC. Itabout 2,88 GWh/yeathis value is bounded to the higher
power output of GTs (which accounts for about the 18%) and to the higher steam turbine
power output (about 82% of the total power increabBe¢. advantages of this integration is

the little invasiveness of the layoutthe reference power plant, its simplicity and the limited
impact on the investment codtarge effects may be obtained by substituting the heat
exchanger, with the aim of reaching higher fuel temperatures (e.g. 200°C) and therefore
increasing the soldreld size.

5.4.2 Solar cooling hybridisation

Air cooling integration increasghepower output anthegas turbine efficiency during din
ambient temperature housn advantage of using solar energy is that it produces energy
for the absorption chiller whenast needed, that is during peak times of the day and year.

GTs annual efficiency increases from 37,13% to 37,31%, but at the cost of an increased
overall fuel consumptionf the 1,4%(from 924748 ton/year to 937668 ton/year). Even if
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the total electricityoutput increases, the effect of the higher fuel consumption prevails and
-k reduces from 55,61% to 55,56%.

It is not possible to calculate the electricity contribution from the solar resource for this
layout coherently with the given deition for the bottoming solar integration, sirtbe solar

input has the effect of increasitige fuel inputand thus the two sharean not be separated
from the solar one.

Table 45: Annual simulation results for solar cooling hybridization.

Refcc  1OCC
chiller

Electricity production 6643.64 6730,13

A C =
Fuel consumption 024748 937668
< »
L
IFa 5 - 24,83
a7 F»
.le - 0,205
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Chapter 6
Economic analysis

In this chapter the economic analysis of analysed power plants is presented. The analysis is
carried out using the LCOE method. Then, a sensitivity analysis has been conducted in order
to analyse the impact of the variation of fuel price and solar fiedtsco

6.1 Method and cost assumptions

LCOE methodology attempts to compare different methods of power generation on equal
basis and it can be regarded as the price at which the electricity must be sold-evbreak

at the end of the power plant lifetimBased on IEA (International Energy Agency)
simplified methodology, the LCOES defined as:

N e . 0O0® 6o ©

vou O o) (48)

Where 6 is the total investment costi o accounts for the yearly epation and
maintenance costs is the annual fuel expenditure aial is the total electric

energy produced in a yed@0 1% the Fixed Charge Rate and is calculated with the following
expression:

’?’Q p ’?’Q
p ~

OO0 YU Tp (49)

WhereQ is the real debt interest, is the annual insurance rate aris the life expectancy

of the power plant. The Fixed Charge rate represents the percentage of the total plant cost
required per year, over the project life, to cover the minimal annual revenue requirements. It
depends on the expected lifetime and on ihanicial variables values assunm{gdeTable
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Table 46: Economic assumptions for FCR evaluation [34].

Debt financing percentage 60 %
Equity financing percentage 40 %
Debt interestrate 13 %
Annual insurance rate 1 %

Useful life 25 years
Nominal discount rate 8,2 %
FCR 10,53 %

Since thehybridisation is smalld j from about 0,8% to about 2%)e effect on the
LCOE calculated as above can be limited and LCOE values for different configurations can
be very close to each other. For this reason, the solar marginal LCOE can be cadculated
the ratio between levelised plants costs, and the skeletrieity production(calculated as

the difference between the ISCC electricity production of the ISCC with the one of the
equivalent combined cycle, sparagraplb.l). Coherently with the definition of the solar
electricity as the difference between the electricity production of the two plants at the same
GTs load, the fuel consumption is not taken into account in the solar marginal't COE
(0 60 )sinceitisthe samé®. 6’0 iscalculated as

. Y6
000 o (50)
Where
Yo "00 W 0 0 "00 W 0 0 (51)

0 00 representshe marginal cost of the additional MWh produced thanks to the solar
integration in the combined cycle. This value can be compared with solar only power plant
(i.e. parabolic trough SEGS type).

Investment cost$or the reference combined cydieve beenaken from Thermoflex®;
investment costs also assess@wner ' s Soft & Miscell aneous Co
development expenses, legal and permitting expenses, et détertotal investment cost

estimated by Thermoflex® for the reference combinetecis 352,183 M$, i.e. a specific

investment cost of 485%/kW; this value is lower than the ones founded in refej@dices

Probably, Thermoflex underestimates the investment costs, also because some components

of the combined cycle are not in PEACE library (e.g. moisture separator).

11 Additional costs usually account also for the different fuel costs and the solar energy is evaluated as the net
electricity production difference between the ISCC and the referenckn @Gs analysis some

configurations produce less energy than theresiege CC, so the solar marginal LCOE is evaluated with

respect to the equivalent combined cycle.
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The solalintegration is considered as made in an already existing plant, so for ISCC layouts,
the total investment cost is evaluated by adding to the reference CC costs the additional costs
sustained for components needed for the integratignddditional pumpsolar collectors

and additional land required for the solar f)eld

Annual operational and maintenance costs include expenses for operating and maintenance
labours, materials and consumable items beside the fuel costs. They are expressed as a
percentage fathe total investmentosts (sedable47) [34]. O&M costs are separated for

the solar part and the combined cycle one; solar O&M are evaluated as a fraction of the solar
field investment cost while CC ones as a fraction of the fos$yl power plant components.

For the fuel cost component of th&€€DE, Nevada natural gas price is taken from U.S.
Energy Information Administration (EIA) and it is in accordance with medium USA gas
prices[102]. The natural gas price results markedly lower than the one of European markets
(of ab o u[103]))3A th€ dorksideration are made without taking into account any
special tariff for the solar production. All the economic assumption are summaricsolen

47.

Table 47: Costs assumptions for ISCC and CC power plants.

Fuel price 24,932 c$/kg

Specific land area cost 2 $/m?

Specific investment cost for Supernova evaporator sectior 250 $/m?

Specific investment cost for Supernoeaporator section 300 $/m?

Specific investment cost for Nova evaporation section 200 $/m?

Specific investment cost for Polytrough 1800 100 $/m?

Specific investment cost for ET50 evaporation section 360 $/m?

Specific investment cost for ET50superheating section 432 $/m?
CC O&M equipment cost percentage of investment per yee 5 %
SF O&M equipment cost percentage of investment per yea 1 %

6.2 Cost evaluation

In the following section LCOE and solar marginal LCOE analysis is presented for the
various configurations presented in Chapter 4, using the results from yearly simulations.
Two approaches have been adopted: the power boosting mode, where the power plant runs
always at its maximum load, and the load following mode, where the powerhplsrb
produce a defined power output.

6.2.1 Bottoming cycle- Power boosting

Figure 96 shows LCOE for integrations with LFCs. The introduction of the solar field
increases LCOE of the power plant; overall, costs are higher for integrated plants but the
electricity productiordoes not counterbalance them, both for plants with SM1 and higher
SMs.However, since solar collector are in early stage of their development, there are good
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margin for cost reduction. In fact cost for solar field are sensibly higher with respect to
combinedcycle onesLCOE are lower for plants with solar multiple 1 but they are still
higher than CC one because the additional electricity produced is not enough to prevail over
increased investment costs. Among the integrations with 8MJdpwest LCOE is thene

of EVA HP+IP configuation. As explainedn paragraptb.2, GTs load remains higher, with

a consequent higher annual electricity production.adidition, because of the lower
temperature, the IP solar collector is cheaper than the HP one, reducing the impact on the
total investment cost. However, LCOE is not very significant when considering the
integration with a power boosting purpose, it mayrfage meaningful to analyse the cost of

the additional solar production, i.e. the solar marginal La&@dtire97 summarised 0 'O

for Fresnel collector integrations.

LCOE Fresnel
43.4 43,31 43,28 43,26
43,2 43,04
=430 42,95 42,94 42,92
= 42,82
S 428 42,64 42,67 42,67
% e 42,64
% ‘ 42,41
S 424
|
422
42,0
41,8
Ref CC EVAHP  EVAMP+HP  EVA+SH  ECO+EVA+SH

mSM1 nSM 15 mSM2 mRef CC

Figure 96: LCOE forthe reference CC and ISCC layouts with LFC and different solar mult
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Solar marginal LCOEFC

86
83,89 82,74

E'84 82,2 82,43 82 28 '
o 8208 o 81,31
s 79,52 80,80 80,72 :
% 80 79,28
© 78
8 7622
O 76
—

72

EVA HP EVA MP+HP EVA+SH ECO+EVA+SH

mSM1 mSM 1,5 m SM2

Figure 97: Solar marginaLCOE forthe reference CC and layowt#h LFC and different solar
multiple.

EVA HP with solar multiple 1 shows the lowest solar marginal LCOE. This is due to the fact
that this integration has the best compromise between the solar energy production and the
additional costs related to theegration. SM 1,5 configurations have the highest'®

because the costs increase is not counterbalanced by a significant increase in the solar
electricity produced. Layouts with equal solar multiple have almost the same aperture area,
so invesnent costs for configurations where a part of the superheating is made in the solar
field are the highest. In fact, being equal the aperture area, the introduction of a part of SH
increases overall solar field costs, which are not counterbalanced byctbasi of solar
energy production. EVA HP+IP SM1 layout has a highér©® because, even with lowest
additional costs, the solar energy production is too small to be competitive with other
integrations.

To obtain at least the same power output effierence combined cycle in the same ambient
condition, a fraction of theolar field can be defocused to increase GT [saé paragrah
5.2). Figure98 andFigure99 show results of the costs analysis for the EVA HP layout with
and without defocusing for different solaultiples.
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LCOELFC def

43,4 4331

43,2 43,09
= 42,95
S 430 42,87
% 428 42,6442,64
L 406
W 42,41
g 424
2422

42,0

41,8

Ref CC SM 1 SM 1,5 SM2

m no defocusing = defocusing mRef CC

Figure 98: LCOE for EVA HP configuration with and without defocusing.

Solar marginal LCOEFC def
120 110,64

100 92,65
80 76,22 76,49 79,52 79,28
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LCOE [$/MWh]
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m no defocusing = defocusing

Figure 99: Solar marginal LCOE for EVA HP configuration with and without defocusing.

As shown inparagraplb.2, there is no substantial differences in SM1 configuration with
and without defocusing since it is necessary for just few hours per year. The defocusing
reduces the power plant LCOE since it allows the plant to produce more electricity.
However, thed 0 © increases since the solar field investment is less exploited with this
kind of regulation.

In Figure 100, the LCOE for the various configuratis with the replacement of the ST is
shown. It can be seen that the configuration with the redesign of the ST and all SHs is the
one with the lower LCOEIn fact, it allows the inlet ST temperature to reach its nominal
value, balancing the additional tbest increase due to the revamping of the steam turbine.
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However, the solar marginal LCOEiQure101) increases significantly with respect to SM2
configuration withotimodifications. This is due to the fact that all the costs are charged on
the solar part.

LCOELFC
43,5
43,31 43,23
433 43,14 43,14
43,1
< 42,9
2
5 427
LU 42,41
8 42,5
—1 423
42,1
41,9
41,7
Ref CC SM2 ST revamping

BSM2-new ST BSM2-new ST and SH3' SM2 - new ST and SHs

Figure 100: LCOE for EVA HP SM2 configurations with the replacement of the ST.
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Figure 101: Solarmarginal LCOE for EVA HP SM2 configurations with the replacement of
ST.

Probably, the resizing of steam turbine and heat exchangers may be more convenient with a
bigger solar field, thus the solar electricity produced during the year would hex aighit
would justify the higher cost for the components modifications.
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LCOE
43
42,9 42,83 42,83 42,82 42,82 42,82
128 42,78

42,72
42,67 42,68 42 67 42,68 42,68 42,69 " 7 42,68
42,7 42,64 42,66 42,6442'67 42.63
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Figure 102: LCOE for different ISCC layouts with solar multiple equal to 1.

Figure102 shows LCOE results for different configurations and solar technologies; LCOE
are sensibly higher for integrations with PTCs with constant aperture area. In fact, PTCs
have higher specific ctss moreover, the highest solar steam production causes a higher load
reduction to maintain the correct ST inlet stream. In this way, the total electricity production
does not counterbalance higher costs. Even for cases with constant land area, PTCs show
dightly higher LCOE, since PTC costs can be about 45% higher than LFC ones. Moreover,
the higher load reduction lowers the electricity production fegagraptb.2) o that the
integration costs prevaiConfigurations with EVA IP have a sensibly lower LCOE since the
collector employed (Polytrough1800 for PTC configuration and Noval for LFC) are
cheaper.

However, in this kind of economic analysisetamount of solar steam produced is not
considered individually; so, to consider the cost of the additional solar steam produced,
0 6'0 isanalysed. The only exception is tB€O+EVA+SH2 integrationin this casdéhe
electricity production balancd3TCs costs (in fact, having a lower solar steam production,
the load reduction is reduced even for the parabolic case).
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Solar marginal LCOE
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Figure 103: Solar marginaLCOE for different ISCC layouts with solar multiple equal to 1

Figure103shows that the lower solar marginal LCOE is the one of EVA HP configuration.
This layout is preferred for its simplicity and its lower duhial costs. EVA+SH
configuration also shows good performance; its costs are higher than the EVA HP layout,
but, thanks to higher temperature of heat introduction, it is possible to produce more solar
energy. EVA HP+IP with LFC and PTC shows low solar giveal costs and it is a good
compromise between a good electricity output and solar production. EVA IP configuration,
which has the lowest LCOE for both PTC and LFC, shows in comparison high solar marginal
LCOE: even if the additional investment cost igtigely low, the solar energy produced is

not sufficiently high.

Whichever configuration and solar multiple is employed, it is clear that the solar electricity
produced with an ISCC is cheaper than the solar electricity produced in a solar only power
plant (seeChapter 2. So the solar integration in a combined cycle, when the solar steam
produced is employed as a power boosting for the base plant, has the benefit of reducing
solar energy production costs with respect to the stand alone solar technology. With the
maximum fow limit on the steam turbine, the total electricity produced is not enough to
balance higher costs and so the overall LCOE is higher for integrated cycle. Anyway, if a
schedule load is given, the solar integration can be employed with a fuel savinggpamgo
results may change significantly.
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6.2.1.1 Sensitivity analysis
A sensitivity analysis has been carried out to evaluate the impact of fuel and solar field costs.

The fuel cost is an important fraction of the power plants LCOE and the impact of the fossil
fuel price on the reference CC is showirigure104.

Reference CC LCOE

160
140
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100

80

60
40 /
20

0 0,2 0,4 0,6 0,8 1
Fuel price [$/kg]

LCOE [$/MWh]

Ref CC @ base case Europe

Figure 104: Reference combined cycle LCOE as a function of thedrie¢.

The analysis showed that comparisons between the various configurations are not affected
by the increase or reduction solar field costs of 25%. It has been observed that variations are
symmetrical with respect to the base case. The variatmoons evident for solar integration
including at least one superheating section because of the higher cost of that section. It has
been found that for cost lower than 120 %/the LCOE of the EVA HP SM1 Fresnel
configuration results lower than the referer@C (sed-igure105).
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Figure 105: LCOE for the reference combined cycle dodISCC as a function of thekar
collectorscost specifido the aperture area.

The same approach has been followed for fuel price analysis; even in this case variations are
symmetrical with respect to the base case and comparisons remain unchanged. It must be
considered that the actual fuel price is quite,ldue to trend of natural gas market in USA
[104]. The increase of the fuel prices favours the ISCC over the reference combined cycle.
The LCOE inversion point between the reference CCthadSCC with EVA HP LFC
configuration is for a fuel price of about 0,52 $/kg, as showrigare106.
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Figure 106: ALCOE, defined as the difference of the reference CC LCOE with the ISCC L(
as a function of the fuel price.
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6.2.2 Bottomingcyclei Fuel saving

The main advantage of an ISCC that works under scheduled load corgltherreduction

of fuel consumption and thus of fuel expenditure. In addition, fuel reduction allows reducing
CO; emissions. When the scheduled load is imposed, the parameter of merit becomes the
LCOE, since the solar marginal LCOE does not account for the fuel expenditure and it is
more appropriate to compare different solar solutions. Two loadgsafie definetbr the

ISCC (segaragraph.3): ascheduled load, which is the one used for theregice combined

cycle, and the modified scheduled lpadherelSCCs are always turned on when a sufficient
radiation is availablégo produce the solar stearepresentative scenario of a subsided
system) LCOE analysis in the fuel saving scenario has been performed for the EVA HP
configuration with SM 1 and 2. IRigure107 LCOE values are reported.

LCOE

62 61,70 61,74

61 60,80
S 61 60,21

TN 59,48

ref CC SM1 SM2

Scheduled load Modified scheduled load

Figure 107: LCOE for the reference CC and EVA HP configuration with two different sol
multiple in fuel saving scenario.

ISCC configuration with solar multiple equal to 1 has lower LCOE than the reference
combined cycle. This result derives from the lower fuel consumption of the ISCC with
respect to the reference combined cycle whereaseleetricity production is the same; it
means that the additional costs for the integration (i.e. solar field and additional pumps) are
completely refunded by fuel savings. In addition, it must be considered that there is a
reduction of the C&@emissionswithout additional costs of removal systems. Therefore, is
not possible to evaluate costs of the avoided, @9 long as the emission limitation is an
additional benefit of a lower cost integration. On the other hand, SM2 configuration presents
a LCOE sightly higher than the reference cycle. SM2 layout has higher investment costs
that are not completely covered by fuel expenditure reduction. It must be highlighted that
the modified scheduled load scenario further decreases the LCOE of solar configuration
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with respect to the reference combined cycle; in this case also SM2 layout results more cost
effective in comparison with the reference CC at scheduled load, even if the SM1 shows
better performances.

6.2.3 Other configurationsi Power boosting

In this paragrph the economic analysis for inlet air cooling and fuel preheating
configuration, in the power boosting scenario, are presented. They are described separately
from the bottoming cycle integrations, since the comparison is not made on equal aperture
or landarea basis, but the solar field is bounded to other network parameters (i.e. the inlet
GT fuel temperature and desired temperature of GTs inlet air). For this reason, the solar
share has lower values with respect to other configurations (i.e. 0,14%efqrdéneating

and 0,2% for inlet air cooling). However, as said in the previous chapters, these
configurations have a limited impact on the costs and complexity of the power plant. In fact,
in solar cooling layout, the chiller does not directly modify HIRSG and, in the fuel
preheating configuration, only the solar field and its pump are added (the heat exchanger of
the reference combined cycle has not been substituted).

The introduction of the fuel preheating, increases the LCOE of the power plantZr4h0 4
$/MWh to 42,418%/MWh and its solar marginal LCOE is equal to 71,354 $/MWh. The solar
marginal cost results lower than the EVA HP and the impact on the LCOE is quite limited.

The solar air cooling allows the increase of the power output of the cainbyokes, at the

price of an increase of annual fuel consumption. This layout presents, indeed, an increase of
the fuel expenditure and of investment costs for the introduction of the absorption chiller,
the solar field, the evaporative tower, additionaips and heat exchanger. For this layout,

the LCOE increases from 42,410$/MWh to 42,636%/MWh; the solar air cooling is useful
when an increase of the power output is needed, while the additional energy gain is not
enough to achieve a LCOE reduction in camgon with the reference combined cycle. The
use of solar energy together with the absorption chiller is particularly useful since, usually,
solar steam production coincides with the summer peak request. As stated in previous
chapters, it is not possible separate the annual contribution of the solar resource from the
yearly additional fuel needed when the chiller is active. Because of that, the marginal LCOE
is defined as the cost of the additional MWh produced, including also the additional fuel
costs,thus it is not comparable with the 0 © of the other configurations.lts value is
59,834%/MWh.
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Conclusions

The present thesis work presents the analysis of several layouts of Integrated Solar
Combined Cycle (ISCCs) withne-focusing collectors in terms of nominal and annual
performances and costs of the generated electricity.

In the first part of the work, an analysis of the existing plants and the state of the art of the
ISCC technology have been presented. Advantagdglisadvantages of the integration of
solar collectors in different kind of power plants are pointed out; this work is focused on the
integration in already existing combined cyclelsanging as little as possible the base plant.
From the literature review, it turns out that the most promising integrations are the ones
where the solar field integrates a part of the thermal duty of the high pressure evaporator.
The purpose of this thesis is to provide for a more consistent anafydiferent ISCC
layouts comparing several integration layouts in the same reference combined cycle.

A review of commercial solar collectors has been proposed togethex mibdel to evaluate
receivers thermal losses. This analysis has been madedbvgeieh solar collector is best
suited for integrations. In particular, two Linear Fresnel collector (Supernova for high
temperatures levels and Noval for lower ones) and two Parabolic Troughs (Eurotrough 150
for high temperatures and Polytrough1800 &wér ones) have been used in ISCCs.

As a first step, two models of reference combined cycle have been built in Thermoflex®:
the first one reproduces the layout proposed in the European Benchmarking Task Force
(EBTF) document and it is used to validate tbsults given by the software. Another plant
layout has been designed using the HRSG arrangement of an existing combined cycle, with
two HRSGs, each one equipped with a gas turbine (GE 9F.03), one shared steam turbine and
an air cooled condenser. The redficiency of the studied combined with the ambient
temperature of 30°C cycle is equal to 55,985%. The behaviour of this reference plant has
been analysed in off design conditions and its annual performances have been obtained. The
annual efficiency, obtaed with a full load simulation, is 55,61%.

The reference combined cycle is used as base to build the Integrated Solar Combined Cycle
layouts. Several layouts of integration on the bottoming cycle have been studied:

1 High pressure evaporator (EVA HP)
1 High pressure evaporator and first high pressure superheater (EVA+ SH1)
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1 High pressure evaporator and first and second high pressure superheater (EVA+SH2)

1 High pressure economiser, evaporator and first superheater (ECO+EVA+SH1)

1 High pressure economiser, evaporat first and second superheaters
(ECO+EVA+SH?2)

1 Intermediate pressure evaporator (EVA IP)

1 High and intermediate pressure evaporators (EVA HP+IP)

These layouts have been implemented with Hotkar Fresnel and parabolic trough
technologies, with differergolar multiples. For the EVA HP Fresnel configuration, the solar

field has been sized to achieve an inlet steam turbine mass flow of about the 115% of its
nominal value; this is considered as the overloading limit for the turbine. Whenever the solar
inlet flow goes beyond this limit because of the solar steam production, GTs load is
decreased. In order avoid GTs load reduction, EVA HP configuration with solar multiple
equal to 1 and 2 have been simulated with the revamping of the steam turbine and the high
pressure superheaters too. Parabolic trough layouts have been sized on equal aperture area
and on equal land area of the Fresnel layouts.

In addition, two other configurations have been analysed: the fuel preheating hybridisation
and the solar inlet airooling.

It has been found that the solar integration increases the net power output of the power plant
of about 20 MW for integrations with solar multiple equal to one. The stieglectricity
efficiency is equal to 23,62% for linear Fresnel in the ENA configuration in nominal
conditions. The solar steam is converted more efficiently in a ISCC rather than in-a stand
alone solar power plant, whose sdiatelectrical efficiency is about 19967] for power

plants with production of saturated steam from Fresnel collectors. The solar shéki3

quite small for configurations without adaptation of the combined cycle, because of the
limitation imposedby the steam turbine. It increases for configurations with revamping of
the steam turbine (up to 8%).

The solar field area of the fuel preheating configuration (16%4Afdneach HRSG against
109224 rifor Fresnel EVA HP) has a limited impact with respiecother configurations.

The most evident effect is the steam turbine net power output increase (of about 1 MW,
which is 0,41% of the total power output of turbine), thanks to the higher power produced
of the steam turbinéA higher increment of gas turie performances may be reached with

a higher fuel inlet temperature: that would require a new heat exchanger and would increase
solar share ansblarfraction of the integrated cycle.

The inlet air cooling is an effective way of increasing the plant powert p ut , t hat col
be possible in the reference combined cycle but, on the other hand, the lower gas turbine

inlet air temperature requires higher fuel consumption. In addéien if the GTs efficiency

increases thanks to the air cooling, the stegohecstill works at the ambient temperature

worsening the performance of the bottoming cycle (e.g. the air condenser, that works with

higher mass flow and the same ambient temperature).
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Once the nominal conditions were defined;agsign annual simulatis have been carried

out. Variation of temperature, effective DNI and load have been simulated for a defined
series of values to obtain a good interpolation of parameters. This is necessary in order to
evaluate the response of the power plant to meteocalogpnditions variation. The chosen
location for the ISCC is Las Vegas, with a typical desert climate, high annual DNI and high
mean temperatures. Effective DNI has been evaluated for each collector for every hour,
starting from the calculated sun pomiti

Annual values of overall electricity, solar electricity and other main parameters have been
calculated for every configuration, at first assuming full load operation for 8760h per year
(power boosting mode). In this case, the gas turbine works alaayse maximum
admissible load.

Results pointed out thattegrations with high solar multipdelon ’altow the power boosting

of the cycle, since GTs are often at lower ®#gan 100% fie total power producible in
hours with high effective DNI is limitedf the solar contribution is always at the maximum
level, because of the limitation imposed by the steam turlbinghis case, it is possible to
produce the same power output only defocusing a fraction of the solar field, but the solar
fraction reducesHowever, the reduction of power production allows the reduction of the
fuel flow requested by the gas turbines.

Configurations with solar multiple 1 are able to increase the net electricity output of 30+40
GWhl/year; the power boosting is associated wisfight fuel saving, due to gas turbine load
reduction during high solar irradiance availability.

PTC configurations are compared on equal aperture area or on equal land area basis with
respect to LFC layouts, all with SM1. Parabolic trough configuratiaith equal aperture

area, can produce a higher quantity of solar electricity because of their higher efficiency
(PTC solar electricity is 30% higher than LFC). However, since the steam production in the
solar field is sensibly higher, the GTs load mustlecreased more often: as a results, PTCs
produce higher solar energy but a lower total electricity production (6675 GWh/yr for LFC
vs 6655 GWh/yr for PTC in EVA HP layout). The best annual performances are the ones of
layouts which integrates superhegtsections in the solar figlth particular configurations

with SH2. In fact,since a lower fraction of the solar field is dedicated to the evaporation
section, the GTs load reduction is less important.

To choose the most convenient configuration, anemic analysis has been carried out,
using the main results of annual simulations. The LCOE approach, based on the International
Energy Agency (IEA) simplified methodology, has been followed. In addition, for each
configuration, the solar marginal LCOEsheen evaluated: it is the incremental cost of the
additional power produced thanks to the introduction of solar integration.

In the power boosting mode, the discerning parameter used for the plants evaluation is the
solar marginal LCOE. In fact, LCOEadways higher with respect to the reference combined
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cycle and it varies only slightly among the various solar layouts. That is because ISCCs
higher investment cost are not counterbalanced by the increase of electricity production.

Whicheverconfigurationis employed, the solar electricity produaeith an ISCC is cheaper

than the solar electricity produced in a solar only power plarfact, the solar marginal
LCOE is in a range of 75+100$/MWh, while solar statahe power plant LCOE ranges
from 140$/MWVh to 330$/MWh.It must be underlined that higher values of solar marginal
LCOE (i.e. 118,82+155,42 $/MWh) are shown by configurations with steam turbine
repowering, since all modifications costs are charged on the solar part of the power plant.
The beste sul t s among repower e dM2-angwliltasd SHF e s how
configuration (i.e. layout with revamping of steam turbine and all high pressure
superheaters}his result is related to the fact that the redesign of all the HP superheaters
allows beter overall performances during the yddowever, the solar electricity produced

in layouts with revamping is more expensive in comparison with other laynatisably,

the resizing of steam turbine and heat exchangers may be more convenielngehsalar

field, thus the solar electricity produced during the year would beshégia it wouldjustify

the higher cost focomponents modificationsAmong all the ISCC layouts, EVA HP
implemented with Linear Fresnel collectors has the lowest solar marg@@E
(76,22%/MWh).

A sensitivity analysis has been carried out for the best configuration and it has been found
that the inversion point between the reference CC LCOE and the EVA HP ISCC with linear
Fresnel is for a fuel price of 0,52%/MWh, which is abthe twice of the price assumed, or

for a specific collector specific cost of 120%/m

Yearly simulations have been carried out for EVA HP configuration with linear Fresnel and
solar multiple equal to 1 and 2 in a scheduled load scenarifuelosavingmode; the

results of the two ISCC configurations have been compared to the reference caybi@ed

that follows the same regulation strategy. Even if the solar production decreases, because in
some days the plant is not operative, the annual solar isttaeases, since the fossil fuel

input is lower and the solar field is never defocused when the power plant is operating.

The economic analysis showed that, with equal electricity production, ISCC layouts have
lower fuel consumption, allowing the reductiof the fuel expenditure. In this case, the
LCOE is used as parameter of merit, since it accounts for the ISCC fuel saving. In fact, for
the ISCC layout with solar multiple 1, fuel saving compensates the additional investment
costs for the solar field, she LCOE is lower for the integrated plant (60,8 $/MWh vs. 61,7
$/MWh). For this reason, C@missions are avoided (about 11% for the SM1 with respect

to the reference CC), thanks to use of solar energy. Otherwise, ISCC with solar multiple 2
has a higher LCOE with respect to the reference combined cycle, since the higher additional
cost are not @mpensated by a sufficient fuel saving. For this reason, an additional load
regulation has been introduced for both the ISCCs; in this power demand curve it is assumed
that the ISCC is working during the hours with high irradiance at the minimum GT turbine
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load, i.e. 25% of the total GT load. The LCOE estimated for SM2 configuration results lower
than the one of the reference CC in this layout (60,21$/MWh vs. 61,7 $/MWh).

In this work, the economic evaluation of all presented ISCCs layouts is made without
considering any subsides schemes. The eventual presence of subsides for the renewable
fraction may affect the results significantly. This work analyses only a part of the possible
integrations of thermodynamic solaollectors thatan be analysed in furthstudies. Linear
collectors can be welmplemented also in coal power plants, or in other Rankine cycle
power plants (e.g. geothermal or biomass based power plant). Solar tower are not analysed
in this work, but they can be used both in the bottomindecygegration with DSG
technology, and as apreheater before the GT combustor (i.e. solarised gas turbines).
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APPENDIX A:
Sun position

The standard time zone (STZ) meridlangitude [°] is defined as:
%o Y'Y v (52)
Where"Y"Yis the standard time zone of the chosen location.

The declination [°] izhe angle betweethe connecting line of the sun with tearth centre
and theearth's equatorial plane and it is defined as:

\

1 el WEGom 2L
C R " (53)

Wheret¢ indicates the day of the year, whose value varies from 1 to 365.

The equation of time returns as output the difference in minutes between theotaedime
and the true solar time for any date of the year and it assumes value$7rtmmi 7 minutes.
It is defined as:

O ccmyonmnnmymnmp PO oed— mmocREd ox— (54)
mnptT @PolvdID @x— TmintT NPEE D @ —

Solar time [h] is based on 24 hour clock with 12:00 as the time when the Sun is exactly
aligned with the south direction. The solar time equation, which bounds the solar time with
the local time (related to a reference meridiaa)) be written as:

%o %o | 0O

0 0 —
pu ¢

(55)

Whereo[h] is the loal time of the day, whose valwariesfrom 1 to 2, and%.  is
the reference longitude of the timezone.

The solaangle [°] is defined as:

1 0O pcPpu (56)



APPENDIX A: Sun position

The zenith angle [°] is defined as the angle between the connecting line of the sun with the
observer position and the line perpendicular to the horizontal plane containing the observer
It can be calculated as:

— Al OAT%HATI@ATO OBEDET (57)

Solar altitude [°] is defined as the complementary angle of the zenith angle:

'y i ol 0o (58)

The azimuthangle [°] is the angle measured between the north direction and the projection
of the sun ray on the horizontal plane. It can be calculated as:
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