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Abstract

The rapid growth in the installed capacity from variable renewable sources is increasingly
problematic for the electric grid. Thus, concentrated solar power (CSP) appears promis-
ing, offering a low-cost thermal storage and decoupling the solar resource from the electric
generation. The modular configuration, in which modules are connected to a single ther-
mal storage and power block, solves the optical performance decay for large powers, and
takes advantage of the economies of scale of the power block.

In this thesis, a techno-economic analysis of large-scale modular CSP plants using molten
salts as heat transfer fluid and Rankine cycles is developed. Solar fields are analysed
using SolarPILOT, receivers with a Matlab model and Rankine cycles with Thermoflex. In
addition, a Matlab model developed from scratch is used for the analysis and optimization
of the piping system, allowing the evaluation of thermal losses, pressure losses, and costs.
A bottom-up methodology is also developed for designing and optimizing modular plants.
Modules of different sizes and geometries are compared using the LCOH indicator, while
plants are compared based on LCOE and LSP, a new parameter indicating the plants’
compactness.

The results highlight the cost-effectiveness of square modules over free-shape ones, and
the techno-economic benefits offered by placing the tower in the centre of circular and
square modules. Configurations with polar square modules reduce the LCOE compared
to equivalent conventional plants of 110 MWel, at the expense of a lower compactness.
The use of surrounded square modules, instead, offers much more compact plants. In the
case of 45 MWel with hazy sky, the modular system results in lower LCOE and a higher
compactness. Finally, the study of modular plants up to 500 MWel shows a gradual in-
crease in the LCOE due to the piping system, emphasizing the convenience of plants up to
300 MWel and of 2-reheats Rankine cycles. In conclusion, over a wide range of latitudes
and in the case of hazy sky, large-scale modular plants offer lower LCOE by employing
square polar modules and greater compactness by using square surrounded modules.

Keywords: LCOE, CSP, modular, multiple towers, piping system





Abstract in lingua italiana

Il rapido aumento della capacità installata da fonti rinnovabili variabili è sempre più
problematico per la rete elettrica. Il solare termodinamico a concentrazione (CSP) appare
dunque promettente, offrendo un accumulo di calore a basso costo e disaccoppiando la
risorsa solare dalla generazione elettrica. La configurazione modulare, in cui i moduli sono
collegati ad un unico sistema di accumulo e ciclo di potenza, risolve il decadimento delle
prestazioni ottiche ad elevate potenze, e sfrutta le economie di scala del ciclo di potenza.

Nella presente tesi si sviluppa un’analisi tecno-economica di impianti CSP modulari di
grande taglia, che impiegano sali fusi come fluido termovettore e cicli Rankine. I campi
solari sono analizzati con SolarPILOT, i ricevitori con un modello Matlab e i cicli Rank-
ine con Thermoflex. Inoltre, si sviluppa integralmente un modello Matlab per l’analisi
e l’ottimizzazione del sistema di tubature del fluido termovettore, permettendo la valu-
tazione delle perdite termiche, di pressione, e dei costi. Si definisce anche una metodologia
dettagliata per il dimensionamento e l’ottimizzazione di impianti modulari. Moduli di di-
verse taglie e geometrie sono confrontati tramite l’indicatore LCOH, mentre gli impianti
sono confrontati tramite LCOE e LSP, nuovo parametro che ne indica la compattezza.

I risultati evidenziano la convenienza dei moduli quadrati rispetto a quelli con forma
libera, oltre ai benefici tecno-economici offerti dal posizionamento della torre al centro
dei moduli circolari e quadrati. Configurazioni con moduli quadrati polari riducono il
parametro LCOE rispetto ad impianti convenzionali equivalenti da 110 MWel, a sfavore di
una compattezza inferiore. L’impiego di moduli quadrati circondati offre invece impianti
molto più compatti. Nel caso di potenze di 45 MWel ad elevata foschia, la soluzione mod-
ulare offre un LCOE inferiore e una compattezza maggiore. Infine, lo studio di impianti
modulari fino a 500 MWel evidenzia un progressivo incremento del LCOE a causa del
sistema di tubature, sottolineando la convenienza di impianti fino a 300 MWel e di cicli
Rankine con 2 risurriscaldamenti. In sintesi, in un ampio intervallo di latitudini e ad
elevata foschia, gli impianti modulari di grande taglia offrono LCOE inferiori impiegando
moduli polari quadrati e maggiori compattezze utilizzando moduli quadrati circondati.

Parole chiave: LCOE, CSP, modulare, torri multiple, sistema di tubature
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1| Introduction

In recent decades, the topic of energy has been gaining a more central place in the global

debate. The various conjugations of climate change are now increasingly evident in the

world in which we live. Extreme heat waves, the magnitude of wild�res, periods of

droughts alternating with increasingly intense storm events and �oods, the rapid melting

of glaciers and polar ice caps, the resulting rise in the sea levels, are just a few alarm bells

that our planet is changing rapidly. Most of these events can be traced back to the rise in

the global average temperature (global warming), which compared to pre-industrial levels

has now reached +1.01°C [1] as shown in Figure 1.1 and is heading toward +1.5°C or even

+2°C by 2100. As reported in [2], "we have already passed the point of no return for the

modest climate-action scenario where the share of renewables increases by 2% each year.

In this scenario, unless we remove carbon dioxide from the atmosphere, it is no longer

possible to achieve the 1.5°C target in 2100 with a probability of 67%".

Figure 1.1: Global temperature anomaly compared to pre-industrial levels [1]

The increase in the planet's average temperature is a direct consequence of the growth

in the concentration of greenhouse gases (GHG) in the atmosphere. The molecules of

these gases absorb and re-emit some of the infrared radiation emitted from the Earth's

surface, overheating the planet and reducing the amount of radiation that passes through

the atmosphere and is lost in space [3]. The main greenhouse gases are water vapor

(H2O), carbon dioxide (CO2), methane (CH4), ozone (O3), nitrous oxides (N2O), and
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�uorocarbons [4]. In Figure 1.2 the trend of the main anthropogenic GHG emissions over

the last decades is illustrated.

Figure 1.2: Total annual anthropogenic GHG emissions by gases 1970 � 2010 [5]

CO2, resulting from the combustion of fossil fuels' carbon chains and from industrial

processes, constitutes the main component by mass and it is also the one with the most

signi�cant growth. Figure 1.3 shows the trend of the average CO2 concentration in the

atmosphere over the last 800.000 years, which varies in accordance with the changes in

the Earth's orbit dictated by the Milankovi¢ cycles [6].

Figure 1.3: Historical trend of the CO2 atmospheric concentration [1]
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From the 1950 values, the measured CO2 concentration grew to values never seen before,

reaching 419 ppm in 2022 [1], a +50% compared to the beginning of industrial era. This

abrupt change, which is occurring on a human time scale rather than a geological scale,

is uniquely attributable to humans, as con�rmed by the outcomes obtained from [7] ac-

cording to which 97.1% of the scienti�c literature agrees with the anthropogenic global

warming thesis.

To limit the e�ect of a disastrous change in the planet's climate, it is therefore necessary to

immediately curb CO2 emissions by adopting green technologies in all responsible sectors,

such as power generation, industry, transportation, and residential. In this regard, it is

needed to adopt as soon as possible the use of renewable and nuclear technologies coupled

with cheap and environmentally friendly storage systems. Some sectors can be greatly

electri�ed, while low-carbon fuels, such as biofuels or green hydrogen, should be employed

in those sectors that are harder to electrify

In addition, energy is an instrumental right that is closely interconnected with the environ-

ment and the society [8]. In fact, it accelerates the countries' socio-economic development

and improves the quality of life. In this regard, Sustainable Development Goal (SDG)

number 7, established by the United Nations in the 2030 Agenda for Sustainable Devel-

opment, states: "Ensure access to a�ordable, reliable, sustainable and modern energy for

all" [9]. Energy ensures some basic human needs such as food preservation and agricul-

ture, water puri�cation and distribution, health, education, security, and development of

economic activities. As shown in Figure 1.4, Total Energy Supply per capita and Gross

National Income per capita have an almost linear trend, especially in low-income coun-

tries. Consequently, it can be inferred that the energy supply is an index of economic

development.
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Figure 1.4: Total energy supply per capita over gross national income per capita of all

the countries worldwide [8]

In this context, renewable energy sources enable a fast achievement of SDG 7, since

more than 1 billion people worldwide still lack access to electricity and 2.7 billion still

rely on traditional biomass like wood and agricultural by-products for domestic needs

[8]. Renewables enable decentralized power generation, being more scalable and modular

than traditional fossil fuelled power plants, saving transmission and distribution costs and

allowing access to electricity even in remote locations. Second, they are often economically

competitive with traditional fossil sources and exploit local resources, eliminating the fuel

supply-chain issues and increasing countries' energy security. Finally, they greatly reduce

the GHG and pollutant gases emissions, allowing to �ght climate change in the light of

SDG 13 �Take urgent action to combat climate change and its impacts� [9].

Due to the recent war in Europe and its strategic and political consequences, the price of

some fossil fuels has increased signi�cantly, especially natural gas, as shown in Figure 1.5.

This makes even more clear the need to invest in energy sources that are independent of

the randomness of gas prices, and provides the opportunity to achieve a marked reduction

of direct CO2 emissions from the energy sector. Moreover, at current gas prices, renewable

sources become automatically more competitive from a power generation cost perspective.

Figure 1.6 shows the recent electricity costs of the main renewable technologies.
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Figure 1.5: EU natural gas price trend [¿ /MWh] in the last �ve years, updated to

21/10/2022 [10]

Figure 1.6: Global weighted average LCOEs [$/kWh] from newly commissioned, utility-

scale renewable power generation technologies, 2010 � 2021 [11]

A zero-emission future for the power sector is possible, but it is certainly not simple.

Concerning electric power generation, renewables and nuclear will have to coexist, possibly

the former to cover demand �uctuations and the latter for base load.

However, at present only 32 countries worldwide have operational �ssion nuclear reactors

[12], and such technology is often discarded due to the fear of local populations. Italy,

for example, ended the exploitation of nuclear power with the November 8th and 9th 1987
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referendum, promoted in the aftermath of the Chernobyl's disaster on April 26th , 1986.

In contrast to current �ssion technologies, nuclear fusion would o�er much safer reactors

and would avoid radioactive waste production, although the commercialization of this

technology still seems far away. The most ambitious project for a large-scale nuclear

fusion reactor is ITER (International Thermonuclear Experimental Reactor) [13]. This

reactor, currently under construction, plans to ignite the �rst plasma in December 2025

and to start the deuterium-tritium operations in 2035. Thereafter, "ITER will contribute

to the design of the next-generation machine, DEMO" that will begin the operations

in the 2040s. "Beyond DEMO, the �nal step would be the construction of a prototype

reactor, fully optimized to produce electricity competitively. [...] Most forecasts place this

phase at the middle of the century".

Thus, the most accepted and quickly implementable green technologies are renewables,

which are needed to meet the broad set of CO2 emission reduction targets. In this scenario,

a key role will be played by storage. In fact, looking for example at the trend of elec-

tricity generation from renewable sources in OECD countries over the last three decades

(Figure 1.7), variable renewable energy sources (VRES) are growing rapidly. These are

mainly wind and solar photovoltaic, but also the share of hydroelectric given by run o�

river plants. VRES are random, thus non-programmable and independent of the demand

curve.

Figure 1.7: Renewable electricity generation by source (non-combustible), OECD Total

1990 � 2020 [14]

According to [15], as shown in Figure 1.8, above a certain threshold of energy generated

by VRES, an excess of renewables starts to emerge and some storage systems are required.
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This need increases further if high renewable penetration is to be achieved.

Figure 1.8: E�ect of VRES electricity generation on the grid [16]

Looking at the broad spectrum of renewables, the solution is not unique, even excluding

the large-scale application of Lithium-Ion batteries. In fact, Lithium batteries are very

expensive � even the value of 71 $/kWhel projected for 2050 [17] is much higher than

other storage technologies such as CSP, where the equivalent electric storage cost is 50-

70 $/MWh el � and the supply chain issues are signi�cant. Although wind and solar

photovoltaic o�er among the lowest production costs, they are not dispatchable, unlike

other power generation technologies such as geothermal, biomass, hydroelectric with a

reservoir and concentrated solar thermal. However, many of these solutions are very

site-speci�c depending on the presence, respectively, of geothermal anomalies, forests or

crop �elds, mountains with su�cient altitudes and water �ow rates, or highly irradiated

regions at relatively low latitudes. Further storage possibilities are provided by pumped

hydroelectric plants, hydrogen, and compressed air.

The study, development, and market competitiveness of dispatchable technologies and

low-cost storage systems, capable of matching the power generation curve to the demand

curve, are of paramount importance to achieving the goal of a high renewable penetration.
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2| Concentrated Solar Power

Concentrated Solar Power (CSP) is a renewable technology that converts solar radiation

into electricity through a series of intermediate steps and using di�erent components,

including an energy storage system. This allows thermal energy to be stored during the

day and to be converted into electricity at night, decoupling solar resource from power

generation. Such programmability makes the plant dispatchable. However, such storage

only occurs daily and not on a seasonal basis, unlike large hydroelectric dam plants.

The worldwide installed capacity of CSP plants is currently very low, only 6 GW com-

pared to the 3146 GW of all renewables including hydropower in 2021 [18], while new

installations are still proceeding slowly, as shown in Figure 2.1. However, the potential

of this technology is undiscussed. In addition to being dispatchable, in fact, CSP can be

synergistically coupled within hybrid plants to photovoltaic (PV), geothermal, biomass,

and water desalination.

Figure 2.1: Concentrating solar thermal power global capacity, by country and region,

2011 � 2021 [18]

In CSP plants, solar energy faces three main conversion steps, all of which a�ect the plant

e�ciency. Each of them must be optimized to reduce the cost of energy production.
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First, the direct solar radiation is collimated and concentrated onto a receiver through a

re�ection-based optical system, which must have high re�ectivity especially at the wave-

lengths associated to the solar spectrum. Unlike PV, di�use radiation, equivalent to

around 10% of the total radiation, cannot be exploited [3]. Concentration is needed to

increase the thermal e�ciency and to reduce receiver costs, and involves the use of a

tracking system to follow the variation in the sun position. In contrast, the principle of

refraction is never employed on a large scale because of the enormous cost and size that

lenses would have. Next, the receiver converts radiation into high-temperature thermal

energy by means of a heat transfer �uid (HTF), which is then stored in the storage system.

Finally, the HTF transfers heat to a power cycle, which converts it into electricity.

2.1. Solar resource

Solar radiation, resulting from the nuclear fusion of hydrogen atoms within the sun,

reaches the outer limit of the Earth's atmosphere with an average power density of 1367

W/m 2. This is the solar constant and establishes the limiting factor in terms of power

production from solar technologies. The amount of radiation reaching the ground is always

lower than the solar constant because of the atmospheric absorption and attenuation of

some wavelengths due to molecules like H2O and CO2. The resulting radiation depends on

both atmospheric conditions and the thickness of the atmosphere crossed by the radiation.

The Air Mass coe�cient (AM) is the relative length of the direct-beam path along the

atmosphere compared to a vertical path at sea level, at which AM = 1. An example of the

AM coe�cient is shown in Figure 2.2. Because of these e�ects, the maximum radiation

on the Earth's surface under optimal conditions is around 1000 W/m2.

Figure 2.2: Examples of the Air Mass coe�cient [19]

The solar radiation reaching the ground is very diluted, however, the total power received
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by the planet's surface from the sun averages around 89000 TW while the world primary

power average consumption is 20 TW [3]. Therefore, the enormous opportunity that such

renewable source guarantees is evident. Two key indicators for assessing the feasibility of

a Concentrating Solar Power plant are (DNI):

ˆ Direct Normal Irradiance: amount of solar radiation received in a collimated beam

on a surface normal to the sun at its current position in the sky [W/m2]. The

maximum value is around 1000 W/m2.

ˆ Direct Normal Irradiation: amount of solar radiation received in a collimated beam

on a surface normal to the sun during a 60-minute period [kWh/m2y]. The yearly

DNI is the sum of the hourly Direct Normal Irradiations over the year and typical

acceptable values for solar plants' construction correspond to yearly DNI > 1800

kWh/m 2y.

Figure 2.3 shows the yearly DNI map worldwide, from which the most suitable locations

for CSP plants can be identi�ed.

Figure 2.3: Yearly Direct Normal Irradiation worldwide [kWh/m2y] [20]

The regions with larger DNIs are those around the Tropic of Cancer and the Tropic of

Capricorn, at latitudes +23°26' and -23°26', respectively. Such low-latitude regions are

characterized by low AM coe�cients and are mostly desert, meaning scarcity of rainfalls

and thus of cloud events that would reduce the DNI, as happens near the equator where
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rainfalls are much more abundant. Moreover, the DNI in the Southern Hemisphere around

the Tropic is on average higher than in the Northern Hemisphere, reaching its maximum

in the Atacama Desert, in Chile, where values up to 3700 kWh/m2y can be obtained.

This desert has a combination of very favourable conditions for a CSP installation: low

latitude, very little rainfall, and high altitude, which further reduces the AM coe�cient.

Just for comparison, the maximum annual DNI in Italy, reached in Sicily, is around to

1900 kWh/m2y, while the peak value at European level is found in Spain and does not

exceed 2300 kWh/m2y.

Thus, it is possible to fully understand how CSP technology, as renewable, dispatchable,

and easily coupled with seawater desalination plants, is essential in certain regions of the

planet. This is the case of low-latitude arid regions, where little rainfall precludes both

hydropower and the presence of biomass, in contexts often lacking geothermal anomalies.

2.2. Concentration systems

Four di�erent optical concentration systems exist, and they are classi�ed according to the

shape of the receiver and the re�ecting surface, as shown in Figure 2.4. The re�ecting

surface can be continuous, based on a parabolic shape, or discrete, consisting of multiple

�at surfaces that move independently simulating a parabolic surface overall. Receivers

can be linear or point focus, and they are placed in the focus of the parabolic re�ecting

surfaces. The maximum concentration ratio for a point focus system tied to a 2-axis

tracking is 46200, while for a linear focus system with 1-axis tracking it is 215 [3]. This

is because 1-axis tracking can balance just one angle and thus it has a non-zero incidence

angle even in optimal conditions. Therefore, 2-axis tracking point focus systems have a

much higher potential both in terms of e�ciency and cost reduction.
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Figure 2.4: Schematic diagrams of the four Solar Thermal Energy systems [21]

2.2.1. Parabolic trough

The parabolic trough system consists of continuous parabolic mirrors of standard size

(currently about 6m aperture and 12m length [3]) that re�ect the radiation onto a linear

absorber, consisting of an outer glass envelope and an absorber tube, separated by a

cavity in which vacuum is made to reduce convection heat losses. For such systems, two

di�erent tracking strategies are possible.

ˆ North-South tracking: the azimuth angle is balanced while the zenith angle is pe-

nalized. This means that the energy production is more balanced over the day and

worse in winter, maximizing the yearly production. This strategy is mainly used at

low latitudes.

ˆ East-West tracking: the zenith angle is balanced while the azimuth angle is pe-

nalized. This means that the energy production is more balanced over the year

and worse during the day, providing a much more homogeneous production. This

strategy is used at higher latitudes.

The same tracking strategies, as well as the use of synthetic oil as heat transfer �uids, are

valid for the Linear Fresnel technology. The intrinsic modularity of this technology is an

advantage because it can be scaled up according to the request.
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2.2.2. Linear Fresnel

In contrast to the parabolic trough, the linear Fresnel system consists of a series of rect-

angular ground-based mirrors, forming a discrete surface which re�ects the radiation onto

a linear absorber with 1-axis tracking. This con�guration reduces the wind drag e�ect

on the mirrors allowing the adoption of lighter and cheaper structures. It also minimizes

the land occupancy by reducing the shading among the collector rows and reduces the

tracking energy consumption since the receiver is �xed and does not move along with

the whole structure. Also, using secondary re�ectors above the receiver, absent in the

parabolic trough technology, higher concentration ratios can be achieved. However, com-

pared to the previous case, the optical e�ciency of Fresnel collectors is lower due to the

reduced cosine e�ciency of the farthest mirrors.

2.2.3. Parabolic dish

The parabolic dish technology consists in continuous parabolic-shaped mirrors with 2-

axis tracking. It can reach 31% solar-to-electric e�ciency due to the high concentration

ratios, much more than other con�gurations. The power block consists of a Stirling

engine, located just behind the receiver. Stirling engines are characterized by with high

cycle e�ciency for small sizes, opposed to the classical Brayton or Rankine cycles. The

development of such technology is mainly limited by cost and reliability. Costs are high

due to the absence of a thermal storage system and the geometric limitations on the

size of a single dish, resulting in a maximum power output of 25 - 30 kWel with limited

economies of scale.

2.2.4. Solar tower

Tower plants with central receivers have a discrete 2-axis tracking system and are referred

to as punctual Fresnel systems. The individual re�ecting mirrors are called heliostats and

approximate a discretized parabola, even if the incidence angle can vary greatly between

them. Each heliostat has an independent driver, electric or hydraulic, that allows for its

movement. An increase in the tower height reduces the incidence angle, increasing the

optical e�ciency. However, it also leads to an increase in costs, atmospheric attenuation,

and power consumed by the HTF pump to overcome the geodetic head, therefore it is

always necessary to investigate this trade-o�. In contrast, the impact of its shadow on

the heliostats is negligible. This technology enables the use of molten salts as HTF, with

600°C maximum temperature, unlike synthetic oil used in linear collector technologies

which reaches 400°C [3]. The signi�cant temperature increase improves the PB e�ciency.
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2.3. Solar tower components

CSP tower plants consist of several components that enable the progressive conversion

of solar radiation into electricity. A solar �eld re�ects the radiation against a receiver,

mounted on the top of a tower. From this, a piping system carries the HTF to the storage

system. Finally, the storage is connected to a power block that produces electricity and

feeds it into the grid. A schematization of CSP tower plants is shown in Figure 2.5.

Figure 2.5: Schematization of a CSP tower plant with direct con�guration [22]

2.3.1. Heliostat �eld

The arrangement of heliostats in the �eld can be polar or surrounded.

Polar �elds are mostly used at high latitudes for small or medium size plants. All mirrors

are on the same side with respect to the tower, the side that allows maximizing cosine

e�ciency. They are located north of the tower in the Northern Hemisphere and south of

the tower in the Southern Hemisphere. This con�guration allows for a more homogeneous

power production throughout the year than surrounded �elds. An example of the polar

�eld layout is shown in Figure 2.6.




	Abstract
	Abstract in lingua italiana
	Contents
	Introduction
	Concentrated Solar Power
	Solar resource
	Concentration systems
	Parabolic trough
	Linear Fresnel
	Parabolic dish
	Solar tower

	Solar tower components
	Heliostat field
	Receiver
	Tower
	Piping system, HTF, TES
	Power block

	State of the art
	Research trends
	Modular technology
	Literature review and existing plants
	Advantages
	Disadvantages


	Methodology
	Solar field model
	Optical efficiency
	Off-design

	Receiver thermal model
	Off-design

	Piping system model
	Structure
	Pressure constraints
	Mechanical design and thermal losses
	Pressure losses
	Velocity optimization
	Off-design

	Power Block model
	1-reheat cycle
	2-reheats cycle
	Off-design

	Modular plant design and optimization
	Conventional plant design and optimization
	Annual analysis

	Case study
	Vast Solar modules
	Large scale modular plants
	Locations and scenarios
	Solar field
	Tower, Receiver
	Piping, TES
	Power block

	Cost model
	CAPEX
	OPEX
	LCOE
	LCOH


	Results and discussion
	Billboard discretization
	Vast Solar modules
	Optical efficiency maps
	Receiver tubes diameter optimization
	Receiver size optimization

	Large scale modular plants
	Tower location in surrounded modules
	Modules
	Plants
	Modularity up to 500 MWel


	Conclusions and future developments
	Bibliography
	Appendix A
	Appendix B
	List of Figures
	List of Tables
	Ringraziamenti

