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Abstract 

The reduction of the cost of electricity is a crucial step to make investments on solar energy 

economically convenient. In this study, the Concentrated Solar Power (CSP) technology is 

investigated even if its Levelized Cost of Electricity (LCOE) is still non-competitive, ranging from 

89 to 181 $/MWhel (LAZARD, 2017), less than the value estimated by IRENA in 2012 (150 to 200 

€/MWhel) (IRENA, 2012), but it can be still reduced by enhancing the conversion efficiency or 

increasing the equivalent hours thanks to a Thermal Energy Storage (TES) system. Solar tower 

technology has the advantage of enhancing the efficiency thanks to the higher allowable operating 

temperatures and the easy integration with a TES system. As a matter of fact, storing thermal 

energy is the key to overcome world dependency on fossil fuels, whose usage is a direct 

consequence of our failure to collect and store energy from clean renewable sources, which is 

simply dissipated into the environment (Alva, Lin and Fang, 2018). CSP is the only renewable 

energy technology that allows an efficient and simple thermal storage, based on the mature 

molten salt technology, making solar energy dispatchable and, in addition, decoupling it from the 

electricity production. In this way, it is possible to obtain a base-load supply, that means to ensure 

the minimum electricity requirement over a period of 24 hours, even in the case of low or absent 

solar radiation. Along these lines, the capacity factor, defined as the ratio between the produced 

electricity over a period of time to the maximum producible electric power over that period, is 

consistently increased. The aim of this work is to evaluate the convenience of coupling CSP with 

a recompression closed supercritical CO2 (sCO2) cycle, instead of the usual steam Rankine cycle, 

and to choose the correct fluid used as Heat Transfer Fluid (HTF) and the best suited for Thermal 

Storage (TS) medium.  

The proposed and analysed system is an indirect configuration, composed by a heliostat field 

connected to a solar tower which exchange heat with a  sCO2 cycle through a heat exchanger. It is 

simulated using Ebsilon® Professional 13.01 for the entire day taking advantage from the 

possibility to make the software work in accordance with on-purpose written Pascal scripts. So, 

the behaviour of the plant characteristic parameters is studied in detail as function of the time 

changing. The simulation is extended to the four seasons in order to obtain yearly results. Given 

the objective of designing a flexible plant, a group of sensitivity analysis is carried on to examine 

the efficiency response to a variable output. With a view to optimizing the system without 

exceeding materials and molten salt limitations, further sensitivity analysis are performed, 

through dedicated Pascal scripts. Results show that the minimum cycle pressure is not mandatory 

to be close to the critical one, whilst the maximum one together with the Turbine Inlet 
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Temperature (TIT) are heavily affected by the solar loop maximum temperature, fixed at 565 °C 

for stability and corrosion issues. From the sensitivity analysis, the crucial role of the split ratio 

emerges: it ensures the correct amount of fluid flowing in both the compressors, preventing the 

cycle heat exchangers from the pinch point occurrence, caused by the deep change in the specific 

heat capacity of the sCO2 near its critical point. 

All performance indicators are calculated, such as storage equivalent hours, power cycle thermal 

efficiency, whole plant solar-to-electric efficiency and capacity factor, after performing an 

estimation of the real weather conditions affecting the sun incident radiation. In addition, the 

investigation of the CSP technology when coupled with Combined Heat and Power (CHP) is 

carried on, for the sake of understanding the advantage of using heat from the sun to generate 

both electrical and useful thermal power, instead of wasting the potentially advantageous heat 

that would be rejected to the environment in separate production. Indeed, the adopted cooling 

system is a wet type, since it allows higher efficiencies, reduced initial costs and it is more robust 

and well-adaptable to the changeable ambient conditions. 

Finally, with a view to comprehending the strong advantages leaded by a recompression sCO2 

cycle working with the proper operating temperatures and pressures, the power cycle is simulated 

with Ebsilon® Professional 13.01 decoupled from the solar loop, whose maximum allowable 

temperature negatively impacts on the thermal efficiency. 

The results highlight the absolutely necessity of a novel salt compounds with a higher maximum 

allowable temperature and capable of withstanding higher fluxes for further system efficiency 

enhancement. 
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1. INTRODUCTION 

According to the World Energy Outlook (WEO) edited by the International Energy Agency (IEA) 

(International Energy Agency, 2017b) in the New Policies Scenario, global energy demand grows 

more slowly than in the past but still expands by 30 % between today and 2040. Compared with 

the past twenty-five years, the way that the world meets its growing energy needs changes 

drastically: now, the key points are natural gas, rise of renewables and energy efficiency. 

Renewable energy sources meet 40 % of the increase in primary demand and their explosive 

growth in the power sector marks the end of the boom years for coal. Renewables attract two-

thirds of global investment in power plants to 2040 since they represent an economically 

convenient source of new generation. 

The estimated annual potential of solar energy, from the nuclear fusion in the nucleus, may be up 

to 49,837 EJ (49,837 ∙ 1012 𝑀𝐽) (Alva, Lin and Fang, 2018), while the power is around 3.9 ∙

1020 𝑀𝑊, calculated from Eq. 1.1, where 𝛥𝑚̇ is the mass flow transforming from hydrogen to 

helium and c the light velocity. From the power, the constant G of the reaching the heart can be 

computed, according to Eq. 1.2, where the distance between the Sun and the Earth is considered. 

It represents the power distribution on a perpendicular surface of 1 m2 on the Earth.  

𝑃𝑜𝑤𝑒𝑟 = 𝛥𝑚̇ ∙ 𝑐2 = 4.3 ∙
109𝑘𝑔

𝑠
∙ (300,000 

𝑘𝑚

𝑠
)

2

= 3.9 ∙ 1020 𝑀𝑊 Eq. 1.1 

𝐺 =
𝑃𝑜𝑤𝑒𝑟

𝐴
=

𝑃𝑜𝑤𝑒𝑟

𝜋 ∙ 1.5 ∙ 108 𝑘𝑚
= 1,350

𝑊

𝑚2 Eq. 1.2 

The solar spectrum, that is the distribution of the energy intensity, in other words the flux, as 

function of the wavelength λ, is close to the blackbody one with a temperature almost equal to 

5,500 K, as depicted in Figure 1.1. The wavelength band can be divided into three parts (La 

Casinière, Bokoye and Cabot, 1997): 

1. ultraviolet region: 280 nm < λ < 390 nm; 

2. visible light region:  390 nm < λ < 770 nm; 
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3. infrared region: 770 nm < λ < 900 nm 

 

Figure 1.1: Solar spectrum at the top of the atmosphere 

In Figure 1.1, the extra-terrestrial spectrum is depicted. The spectrum inside the atmosphere, in 

fact, differentiates from the latter. First of all, the molecules present in the atmosphere absorb a 

particular wavelength, creating additional peaks and valleys and giving birth to the so-called 

“Absorption” phenomenon: each molecule has an absorption, and consequentially attenuation, 

wavelengths band, like O2 and O3 in the ultraviolet and H2O and CO2 in the infrared region. In the 

same time, “scattering” occurs: it consists in the deviation of the radiation interacting with 

molecules in the atmosphere, generating the diffuse light. In particular, “Raileigh scattering” 

regards the small molecules at small wavelength and it is an isotropic phenomenon, while “Mie 

scattering” occurs when the radiation interacts with bigger molecules and it is not dependent on 

the wavelength (Figure 1.2). 

 

Figure 1.2: Scattering mechanisms 

All the atmospheric attenuations are well represented by the “Air Mass” parameter (AM), which 

represents the optical path length of the sun radiation through the atmosphere. It is defined as the 

ratio between the passed through atmosphere mass and the amount through which the radiation 

would pass if the surface was perpendicular to it. The AM is well approximated by Eq. 1.3, where 

Θ is the zenith angle and it is function of the time of the day and the period of the year, as well as of 

the surface position and tilt angle. So, it is affected by the Sun elevation and by the observer latitude, 
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that is the location of the surface (Figure 1.3 (Green Rhino Energy Ltd, 2016)). Minimizing the AM 

factor, the highest flux is obtained. 

𝐴𝑀 =
1

𝑐𝑜𝑠 𝛩
 Eq. 1.3 

 

Figure 1.3: Sun angles (Green Rhino Energy Ltd, 2016) 

Figure 1.4 shows the attenuation on the solar energy reaching the Earth surface, represented by 

the bright colours. 

 

 

Figure 1.4: Solar extra-terrestrial and terrestrial spectrum (Rosen and Egger, 2016)  

Apart from the energy of the sea, linked with the mutual gravity with the moon, and the 

geothermal, all renewable energy sources are directly or indirectly connected with the Sun. 

However, electricity is generated from the Sun power through concentrated solar power plants 

(CSP) or photovoltaic panels (PV). 
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1.1. Photovoltaic technology 

As earlier discussed, the Sun energy hitting the Earth is composed by the direct and the diffuse 

irradiation. Photovoltaic technology enables the exploitation of both the quantities, taking 

advantage of the so-called “photovoltaic effect”, converting directly the energy from the Sun into 

electricity. The PV cells are made up of semiconductor materials, whose valence band and 

conduction one are quite close to each other. for the sake of simplicity, Silicon cell is considered. 

On its crystal lattice, the bond between the electron and the atoms sharing it is strong, so a quite 

big amount of energy is necessary to break it and move the electron from the valence to the 

conduction band, where it is free to move. If this amount of energy is given, a positive hole is 

created in the valence band. However, in order to conduct electricity, a continuous flux of 

electrons is necessary and, consequentially, a continuous generation of positive holes in the 

valence band, that can be filled up by other electrons. Therefore, an electric field is created inside 

the cell. A N-type semiconductor is obtained by introducing small amount of Antimony or 

Phosphorous, negatively charged, in the crystallin lattice and a P-type through the Boron atoms, 

positively charged. While separated, they are electrically neutral. But if they join, the P-N junction 

is created: some electrons from the N-doped side migrate through the junction towards the P-

doped side to fill up the holes, producing negative ions. This phenomenon is known as “diffusion”. 

On the N-type material, the concentration of positive charges increases and, as a consequence, 

the holes migrate through the junction in the opposite direction. As a result, near the junction of 

the N-type material there is a high concentration of positive charges, while on the P-type material 

side the negative charges are accumulating and they reach the equilibrium. So, an internal electric 

field is generated across the junction and, the moving electrons generated by the light (photons) 

absorption on the N-type material are no longer able to overcome the junction. The same for the 

positive holes on the P-material. At this point, an external circuit is used to collect the generated 

electricity, as shown in Figure 1.5 (Hanania et al., 2015). 
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Figure 1.5: P-N junction (Hanania et al., 2015) 

The conversion efficiency for photovoltaic panels depends on the used technology: for Si-panels, 

it is up to 25 % for single junction cells and around 38 % for multijunction ones (Green et al., 

2017). 

1.2. Thermodynamic solar system 

In this case, only the direct irradiation can be exploited. The aim of the thermodynamic system is 

to heat a fluid by solar thermal power and use it to supply a power cycle in order to produce 

electricity or, sometimes, thermal power as well. A promising advantage offered by this type of 

technology is the potential reduction of costs thanks to the economy-of scale: increasing the plant 

size, the costs will be reduced, while PV technology costs are proportional to the number of 

modules. In addition, thermodynamic conversion is performed through well-known technologies. 

The crucial benefit of the thermodynamic system is the possibility to have dispatchable energy: 

the electricity production can be easily decoupled from the availability of the solar source. This 

means that the thermodynamic solar technology integrated with a storage system has the 

potential to increase the equivalent plant hours and to allow the baseload power supply, which all 

the other technology can not ensure. The storage system is a thermal type, so the accumulation of 

energy is done by physically storing a fluid. In this way, the use of non-environmentally friendly 

batteries typical of PV is avoid. The biggest disadvantage is represented by the high initial costs 

which are expected to diminish thanks to the economy of scale impact. By 2020, a initial costs 

reduction of 40 % and more is foreseen (IRENA, 2012a). 
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2. STATE OF THE ART 

Nuclear fusion reaction continuously occurring at the core of sun produces a huge amount of solar 

radiation towards earth. As earlier said, the estimated annual potential of solar energy may be up 

to 49,837 EJ (49,837 ∙ 1012 𝑀𝐽) (Alva, Lin and Fang, 2018), much higher than the world annual 

“total primary energy supply” that IEA estimated 13,647.37 million of oil equivalent, equal to 571 

EJ for 2015 (International Energy Agency, 2017a). However, for the same year, the “primary 

energy supply” from sources including solar, geothermal and wind together is only the 8 EJ (1.4 

%): clearly, solar energy potential is not exploited (Alva, Lin and Fang, 2018). The IEA target of 

630 GWel power generation by CSP by 2050 has been inciting researches to find the best way to 

optimize the power plants and obtain the highest possible efficiency. Given the unique CSP 

property of making energy dispatchable, many possibilities of reducing its LCOE are under 

investigation. One possibility consists in finding new and advanced materials with better 

properties of storage, such as withstanding higher temperatures, which is beneficial to improve 

the conversion efficiency. Indeed, the strong advantage of concentrating the solar radiation over 

adopting photovoltaics lies in the easier and cheaper possibility of storing heat instead of 

electricity: the plant results more flexible and the power demand can be followed in real time, 

even during the night, without employing big, costly and non-environmentally-friendly batteries, 

needed by the photovoltaics panels (Temple, 2017). Another option is acting on the 

thermodynamic side, trying to enhance the power block efficiency and looking for the best cycle 

that fits the solar plant and, in particular, the solar tower requirements, which nowadays is the 

most promising technology in terms of performance improvements. Indeed, the overall efficiency 

of a concentrated solar power plant depends on two different conversion processes: the efficiency 

of the energy conversion from solar to thermal power and the one from thermal power to 

electricity. Considering a solar tower receiver, which recent studies show to be the best suited 

technology to reduce LCOE (Bauer et al., 2013; Dieckmann et al., 2017; Eurekalert, 2018), as 

shown in Figure 2.1: (IRENA, 2012b): the main factor influencing these two efficiency terms is 

the outlet receiver heat fluid temperature. As a matter of fact, it has a conflicting role: on one 

hand, the higher it is, the higher the power block efficiency results, following the Carnot Theorem; 

on the other hand, increasing it, the receiver efficiency is reduced since losses increase and 
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problems related to the HTF stability arise. So, as a direct consequence, the best efficiency point 

results from a compromise between both terms. Maximizing it, the investment on the CSP 

technology can be more attractive and money making.  

 

Figure 2.1: the LCOE in CSP plants (IRENA, 2012b) 

2.1. Supercritical CO2 properties 

When a fluid is heated up under high pressure, a strong change on its physical properties occurs 

and it is defined as supercritical. Under these particular conditions, the fluid has the solvating 

power of a liquid and the viscosity of a gas, while physically the two phases are not distinguished. 

This means that it is characterized by a density similar to a liquid and its surface tension is as low 

as the one of a gas. 

The interest in supercritical CO2 as working fluid for power cycles is due to its critical temperature 

near to the ambient temperature, 30.98 °C, and a relatively low critical pressure, equal to 7.38 

MPa, compared to water, whose critical point is around 374 °C and 22.064 MPa (Ahn et al., 2015). 

The compressibility factor, Z, is defined as the molecular volumetric ratio of a fluid compared with 

ideal gas (Eq. 2.1) and indicates whether the fluid behaves as an ideal gas or as a liquid. If it is 

unity, the fluid behaviour is very close to an ideal gas, whilst it is considered to be an 

incompressible fluid when Z is near zero. Regarding CO2 near the critical point, the 

compressibility factor decreases to 0.2 and 0.5 (Figure 2.2) and it can be considered to act as a 

liquid, as shown in the figure below (Ahn et al., 2015). 

𝑍 =
𝑃 ∙ 𝑀

𝜌 ∙ 𝑅 ∙ 𝑇
 Eq. 2.1 
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Figure 2.2: CO2 compressibility factor near the critical point (Ahn et al., 2015) 

These properties have been studied to optimize the closed sCO2 cycle in order to decrease the work 

needed by the compressor, since the compression process occurs near the critical point, where the 

working fluid behaves as a liquid, and then it evolves to supercritical conditions, so that the cycle 

efficiency should increase. Moreover, sCO2 is less corrosive compared with steam at the same 

temperature: consequentially, the sCO2 cycle can potentially operate with a higher turbine inlet 

temperature, which is one of the most challenging and affecting parameters of the cycle. 

2.2. Receiver technology 

The aim of the solar field is to collect as much solar energy as possible and to convert it in heat at 

high temperature which will be use in a power block. CSP technology allows the exploitation of 

only the Direct Normal Irradiance (DNI), which is the amount of solar radiation received in a 

collimated beam on a plan normal to the sun (Blanc et al., 2014). Reflecting surfaces to point the 

radiation towards a target are used, with a very high reflectivity at all the wavelengths and 

especially at the lowest, associated to the solar spectrum. In Figure 2.1 the four most common CSP 

technologies are shown. Linear-focused CSP systems work at lower temperatures than point-

focused ones. 

The most mature technology for CSP is the Parabolic trough (PT) (E, Kearney and KOLB, 1999), 

thanks to the well proved plants in California by SEGS (E, Kearney and KOLB, 1999) and, more 

recently, in the United States (Gilbert and Cohen for ACCIONA, 2010) and in Spain (Fernández-

García et al., 2010; Relloso and Delgado, 2009; Solar Millenium AG, 2008)gar. Up to now, there 

are more than 70 utility scale power plants operating in the world (Dieckmann et al., 2017). The 

spread of PT is linked with its inexpensiveness and maturity, even if it has a low concentration 

factor, of the order of 15-50 suns, defined as the ratio between the collecting area e the receiver 
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area, with an operating temperature ranging between 50 °C and 400 °C and annual radiative 

losses at high temperature of around 10 % (Barlev, Vidu and Stroeve, 2011; Binotti et al., 2017). 

Another technology is based on the linear Fresnel reflector (Heimsath et al., 2014), that is easy to 

be built and cheaper, but its efficiency is strongly penalized by the poor optical efficiency. In 

addition, it has a lower concentration ratio and a narrow operating temperature range (Barlev, 

Vidu and Stroeve, 2011), even if it can be economically convenient since it allows the Direct Steam 

Generation plant configuration, avoiding the costly intermediate heat exchanger. 

One additional possibility can be the Dish-Stirling, consisting in a disc concentrating the heat in 

one point of the Stirling engine, that uses it as a fuel. It is a recent and expensive technology, with 

a maximum operating temperature equal to 1500 °C and CR ranging between 100-1000 suns, but 

it is fundamental to follow the sun accurately in order to exploit the technology potential (Barlev, 

Vidu and Stroeve, 2011). This technology differs from the others since it does not need a heat 

transfer fluid, the storage system is very difficult to be integrated and it does not scale-up (while 

other technologies costs will drastically reduce when the plant dimension increases, following the 

economy-of-scale effect). The structure is very heavy and expensive: the adoption of small mirrors 

to form the huge dish is a way to reduce costs. Using a heat engine and a high energy conversion 

cycle makes the Dish-Stirling an efficient technology, as well as linking the dish and the power 

cycle with an intermediate heat pipe receiver, providing a quite isothermal heat and decreasing 

convective losses (Barlev, Vidu and Stroeve, 2011). 

Recently, given the high potential concentration ratio (typically from 500 to 2000 suns) which 

allows to operate at higher temperatures and to reach more efficient thermodynamic conversion 

power cycle (Barlev, Vidu and Stroeve, 2011; Moser, Trieb and Fichter, 2013), Solar tower (ST) is 

seen as the technology that could better reduce the CSP LCOE (Dieckmann et al., 2017; Relloso 

and García, 2015). In fact, the Solar Tower special design is based on the heliostats, flat movable 

mirrors with a two-axis tracking system and a surface of the order of 50-150 m2, that face the sun 

and focus the direct radiation on the top of the receiver, put at a height of about 75-150 m. 

Compared with linear concentrators, such as PT and LF, concentration capabilities are 

substantially improved, thanks to the focusing of a massive sun radiation on a single point, 

resulting in a considerable reduction of the receiver losses and, more important, in a simplified 

heat transport and, eventually, storage. CSP plants equipped with ST and heliostats generally have 

an installed capacity bigger than 10 MWel because they have to take advantage of the economy of 

scale in order to face their huge initial costs. 
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Figure 2.3: CSP technologies (Vignarooban et al., 2015) 

2.2.1 Solar tower configurations 

For Solar Tower, different receiver configurations are presented in numerous experimental 

studies: the traditional solar receiver installed at the top of the central tower (Ho and Iverson, 

2014), multi tower receiver (MTSA), the Solar Concentration Off-Tower (SCOT). The first one is 

the one evaluated in this study; the second option, multi-tower solar array (MTSA) , is a new 

concept consisting in more than one solar tower receiver, each closed to the other, so that the 

heliostat fields partly overlap and the radiation that would not be used by conventional solar tower 

can be exploited, leading to a consequent more efficient usage of the ground area (Schramek & 

Millis, 2003); the third configuration is made up of a hyperboloid reflector set on the top of the 

tower that focuses the incident beam on an array of CPC and then receivers near the ground, 

allowing better collection optics, a stable flux distribution and reduced costs since the plant is at 

the ground level, eliminating long pipes and high towers (Kribus, et al., 1998). All the efforts are 

directed to reach higher operating temperatures and bigger fluxes, so to have better efficiencies. 

Nowadays, lots of different receiver designs under research have been proposed (Ho and Iverson, 

2014) and tested, but only few of them have been proved in a real plant. In fact, the receiver is one 

of the most affecting components because there the solar power is absorbed and transferred to 

the HTF, so it has a direct impact on the overall efficiency. According to the previous paper, the 

most common design for solar tower results to be the tubular receiver with either liquid or 

gas/liquid fluid, even if improving its efficiency is difficult, given the high costs of nickel-alloys 

and the long-term operations needed to adapt the tubular receiver at high temperature and 

pressure. For this reason, it is convenient to choose the best working fluid that manages to 

improve the receiver efficiency and the receiver design that best suits the properties of the coupled 
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cycle. Anyway, given the size of these plants (10 MW and above), the beneficial effect of economy-

of-scale is needed in order to offset the high installation costs. 

2.2.2 Heat transfer system 

The choice of the fluid to be heated up (HTF) is crucial to improve CSP performances and 

maximize efficiency, given that the higher the temperature is at the receiver outlet, the higher the 

power block efficiency is but, on the other hand, the higher the receiver losses are, too. 

Since a large amount of HTF is required, it is necessary to minimize its costs while looking for 

better performances. The desired properties that a fluid is expected to have in order to be used to 

transfer heat are: low melting point and high boiling point, to allow a large operating range in 

which it is in the liquid state; thermal stability, since it has to withstand big fluxes and high 

temperature to maximises the efficiency; low vapour pressure (<1 atm) at high temperature, so 

that stresses on pipes are reduced; low corrosion with metal alloys used to contain the HTF; low 

viscosity to reduce pumping losses; high thermal conductivity; high heat capacity, in the case it is 

used also for energy storage; low cost (Cordaro, Rubin and Bradshaw, 2011; Pacio and Wetzel, 

2013; Vignarooban et al., 2015). 

Recently, molten salts, commonly in a mixture made up of 60 wt% sodium nitrate (NaNO3) and 

40 wt% potassium nitrate (KNO3), known as alkali nitrate salts (Carling et al., 1981), are the most 

used by virtue of their low vapour pressure, the wide operating range (reaching temperatures 

higher than 500 °C), the high heat capacity that makes them suitable also as storage media, 

allowing the adoption of a direct TES system, low corrosiveness and good physical and fluid-

dynamic properties at high temperatures (Peng, et al., 2010). Molten salts not only are capable of 

storing energy and withstand high temperatures, but they are also cheaper than other HTF such 

as organics, liquid metals or synthetic oils. The main problem related to CSP plants operating with 

molten salts is the corrosion of piping and container alloys: HTF acts as the electrolyte in a 

corrosive system that attacks the metal containers, especially at higher temperatures which are 

necessary to increase the CSP efficiency (Bauer et al., 2013). Since molten salts allow operation 

up to 800 °C, corrosion is enhanced compared to other HTFs and temperatures need to be 

reduced. 

As mentioned before, molten salts are widely used as HTF firstly thanks to their stability at 

temperatures higher than 500 °C. Secondly, their viscosity and vapour pressure are very low, 

comparable with water (Peng, et al., 2008). The first molten-salt power tower systems were 

installed in 1984: the THEMIS tower (2.5 MWel) in France and Molten-salt Electric Experiment 

(1 MWel) in the United States  (Dunn, Hearps and Wright, 2012). Another fundamental advantage 

that makes utilizing molten-salts in the power tower systems and interesting for improving 

performances, as mentioned before, is their capability for thermal energy storage. In 1996, USA 

installed the first solar system operating with molten-salts as both HTF and storage media, 
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adopting a direct TES, “Solar Two”: 10 MWel power plant with energy storage capability of 3h. 

Later, in 2008, in Spain “Gemasolar” (initially called “Solar Tres”) was established, after the 

launch of “Andasol-1” (Dunn, Hearps and Wright, 2012), a PT plant with oil HTF in an indirect 

TES configuration (Bauer et al., 2013), and it was the first one operating commercially with a 

direct molten salts TES concept: 19.9 MWel with energy storage capability of 15h. All the 

configurations are coupled with a Rankine cycle. 

2.3 Thermal energy storage system 

As already said, one important concern in CSP designs is the capability for Thermal Energy 

Storage (TES), to allow the power generation even during low or absent sun radiation hours. After 

the crisis of 1970s, the world started focusing on renewable energy source and conserving energy: 

in this sense, thermal energy storage has a fundamental role (Alva, Lin and Fang, 2018), 

recovering thermal energy that otherwise would be wasted. A notable increase in the use of TES 

systems is registered: presently, half of the worldwide CSP plants are integrated with a TES 

system, while the 72 % of plants under construction are projected to have a TES system and the 

77 % of the future plants will have this storage. Table 2.1 explains the feasibility of coupling the 

existing CSP plants with a TES system (Pelay, et al., 2017). 

Table 2.1: TES integration feasibility for CSP plants in operation (Pelay, et al., 2017) 

CSP plant 

type 
Solar CR 

Operating range 

temperature [°C] 
TES feasibility Remarks 

PTC 15 – 45 20 – 400 Possible Most used 

SPT 150 - 1500 300 - 1000 
Possible with 

lowest costs 

Most used with higher 

Rankine cycle efficiency 

LFR 10 - 40 5 - 300 Possible Very few 

PDC 100- 1000 120 - 1500 Difficult 
Very few with higher 

Rankine cycle efficiency 

 

Nowadays, in Spain all the power plants are equipped with molten salts storage systems: they can 

cope with stressed conditions and they are cheaper than other materials with the same properties, 

such as liquid metal, now under investigation, or synthetic oils. In addition, molten salts are 

suitable for both HTF and storage media (Vignarooban et al., 2015), so that the direct TES system 

is adopted, as shown in Figure 2.4 (Alva, Lin and Fang, 2018), avoiding the additional costs 

related with the intermediate heat exchanger. In direct TES configuration, one single fluid acts 
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both as HTF for the solar field and as HTF for the storage system (Alva, Lin and Fang, 2018). In 

this case, the molten salt is heated up in the solar tower and sent to the storage loop: when the 

sun radiation is abundant, one part of the heated salt goes directly to the heat exchanger which 

realizes the coupling with the power block to heat the working fluid, whilst the left mass flow is 

stored in the hot tank and it will be used when the sun radiation is too low. After the heat transfer 

process, the molten salt is sent to the cold tank and back to the tower.  

 

Figure 2.4: example of direct TES system (Alva, Lin and Fang, 2018) 

On the contrary, the indirect TES system depicted in Figure 2.5 (Alva, Lin and Fang, 2018) is 

necessary when the HTF circulating in the solar field is characterized by a very wide operating 

temperature, with low melting point of the order of the ambient temperature, but also by a low 

volumetric heat capacity, for instance in the case of liquid metals, which makes them not suitable 

for storing energy: an intermediate heat exchanger is needed in order to transfer the heat from 

the solar field HTF, that is the liquid metal, and the storage media, generally a molten salt. 

Another example of the indirect TES adoption is the case of PT, when the solar field pipes are so 

long that their temperature decreases and the molten salts would freeze if used as solar field HTF: 

as a result, thermal oils are used in the solar field and, through the heat exchanger, they transfer 

the absorbed heat to the molten salts used only as a storage media (Alva, Lin and Fang, 2018). 
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Figure 2.5: example of indirect TES system (Alva, Lin and Fang, 2018) 

The heat storage mechanism can be active or passive. The passive technique does not require 

pumping work for charging and discharging the tanks, but it exploits thermal inertia or natural 

convection to make the fluid circulate (Heier, Bales and Martin, 2015). It is employed for small 

applications such as buildings, automobiles, food and textiles and the fluctuant temperature can 

be mitigated by the latent heat of Phase Change Materials (PMC) to stay in the comfort region. 

Conversely, the active technique must be applied in the case of big plant characterized by long 

pipes and large amount of viscous HTF: in these conditions, pumping work is required in order 

to make the fluid circulate in the storage loop. Thermocline, packed bed, fluidized bed, moving 

bed, tank systems, concrete block are examples of active techniques (Alva, Lin and Fang, 2018).   

shows the main features of the liquids which are currently used as thermal heat storage materials 

(Alva, Lin and Fang, 2018; Vignarooban et al., 2015).  

Table 2.2: Thermal and physical properties of commonly used storage media fluids 

Technology Strengths Weaknesses Opportunities Threats 

Sensible 

heat 

storage 

material: 

Water 

 

Very high 

specific heat; 

Non-toxicity, 

Cheap; 

Easy 

availability.  

High vapour 

pressure; 

Corrosiveness; 

HTF outlet 

temperature is 

not steady. 

 

The best suited for home 

space heating, cold storage of 

food products and hot water 

supply type of applications. 

In CSP using direct 

generation, steam 

accumulators are used 

(Roubaud, et al., 2017). 

When liquid, it can form a 

thermocline thanks to the 

difference in density that 

Compatibility with 

pipeline materials. 
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generate a temperature 

gradient (Gil et al., 2010). 

For cold application, water is 

used in chilled water form or 

in ice form. 

Very high heat capacity 

means very high energy 

density. 

Sensible 

heat 

storage 

material: 

Thermal 

oils 

 

Good heat 

transfer 

capacity (heat 

transfer 

coefficient in 

the range of 

1000-3000 

[W m-2 K-1]) 

(Benoit et al., 

2016); 

Big operative 

temperature 

range (12 °C-

400 °C) and 

more heat 

storage; 

Lower vapor 

pressure than 

water; 

Low viscosity; 

Good flow 

properties. 

 

Low thermal 

conductivity λ, 

so mediocre 

heat transfer 

properties; 

Lower specific 

heat than 

water; 

More 

expensive; 

Fire risk if in 

contact with 

air; 

Limit 

temperature is 

equal to 400 

°C. 

HTF outlet 

temperature is 

not steady. 

 

They maintain their liquid 

state at lower temperature 

than water up to 250 °C 

under atmospheric pressure. 

They can form a thermocline 

and they do not freeze in 

pipelines. 

Lower vapour pressure 

means lower pressure in the 

container and in the 

pipelines, so that costs are 

reduced. 

Low pumping losses. 

So, they fit very well CSP 

direct configurations as both 

HTF and TES material. 

Possible to improve their 

heat transfer properties 

thank to the addition of 

nano-additives like 

graphene, graphite and metal 

oxides (Wang, et al., 2017). 

 

Above their 

operating 

temperature, they 

degrade and form 

acids that accelerate 

corrosion processes. 

In addition, they 

show degradation 

with aging after 

repetitive thermal 

cycles and many 

hours under high 

temperature.  
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Sensible 

heat 

storage 

material: 

Liquid 

metals 

 

Low melting 

point and very 

high boiling 

point; 

No freezing 

problems; 

Zero vapour 

pressure; 

Very large 

thermal 

conductivity λ; 

Very large heat 

transfer 

coefficient α; 

Very high 

thermal 

stability. 

Expensive; 

Corrosiveness; 

Rick of fire 

(Na); 

Lower heat 

capacity; 

Lower storage 

density; 

Higher costs; 

HTF outlet 

temperature is 

not steady. 

Best suited HTF for high 

temperature applications. 

Solar receiver tube wall 

temperature 

gradient will be very low, 

resulting in lower heat losses 

to the environment and 

improving the receiver 

efficiency. 

Very efficient heat exchange 

process (α is high) even with 

small temperature 

difference. So, higher heat 

fluxes are possible. 

Due to the relatively 

lower volumetric 

heat capacity ρ*cp, 

liquid metals require 

a higher velocity, so a 

consequent higher 

pressure drop, in 

order to transport 

the same thermal 

power and a bigger 

tank for storage is 

required. 

They are not 

economically 

convenient as 

storage media but 

only as HTF, so the 

additional cost of the 

heat exchanger has to 

be taken into 

account. 

Sensible 

heat 

storage 

material: 

Earth 

materials 

 

Cheap; 

Easily 

available; 

Non-toxic and 

non-

flammable; 

High thermal 

conductivity λ; 

High thermal 

storage 

density. 

 

Lower thermal 

stability 

(maximum 

300-400 °C). 

HTF outlet 

temperature is 

not steady. 

 

They are used as fillers in 

single tank thermocline 

storage system and they act 

as both heat transfer surface 

and storage medium, 

exchanging heat in direct 

contact so that the contact 

surface between TES 

material and HTF is large 

and costs are reduced. They 

are usually used as TES 

material coupled with 

thermal oil as HTF, but 

sometimes with air for space 

heating. 

Sand or natural rocks as filler 

material may reduce the 

quantity of 

Local availability, 

low cost, density, 

heat 

capacity and thermal 

conductivity, high 

surface hardness to 

resist abrasion, low 

porosity to prevent 

oil infiltration, high 

mechanical strength 

have to be taken into 

account when 

choosing rocks and 

sands for bed filler 

materials. 

They can only be the 

TES material, so 

indirect 
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the HTF required for 

charging and discharging 

thermal energy up to 80 %. 

All rocks have almost similar 

thermo-physical 

characteristics and are 

suitable for filler materials 

with operating temperatures 

up to 350 °C (Grirate et al., 

2014). 

configuration in 

required. 

Sensible 

heat 

storage 

material: 

Concrete 

blocks 

 

Low costs; 

Easy 

construction; 

Good 

mechanical 

Properties; 

Non-toxic and 

non-

flammable. 

 

Low specific 

heat and low 

thermal 

conductivity; 

HTF outlet 

temperature is 

not steady. 

They are suitable 

for TES up to 550 °C. 

Curing and heat absorption 

make possible to use them as 

TES materials. 

 

Latent heat 

storage 

systems 

materials 

Higher energy 

storage 

density; 

Compact TES 

system; 

Non-toxic. 

 

 

Very poor 

thermal 

conductivity, 

in the range 

between 0.1 

and 1 [W m-1 

K-1] 

Usually solid-liquid 

phase change is used. 

Although for solid-solid 

phase change specific latent 

heat is 

Less, it has the advantage of 

no leakage. 

Compared to sensible heat 

storage material, their 

specific heat is 50-100 times 

bigger and therefore the 

thermal energy storage 

density is bigger. 

Outlet temperature of the 

HTF is steady during 

discharge. 

Even if liquid-gas 

phase change has the 

highest latent heat of 

phase change, it is 

not used because of 

the enormous 

volume change. 

During the change of 

phase, poor thermal 

conductivity of solid 

layers is a problem. 

In liquid phase it is 

overcome by the 

convection. 
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Thermal 

energy 

storage 

materials 

for 

chemical 

heat 

storage 

Highest 

thermal 

energy 

storage; 

Long duration 

of thermal 

energy 

storage; 

Low heat 

losses. 

 

 Different approaches to 

increase the charging rate 

like graphite nanoplatelets 

composites (Mastronardo, et 

al., 2016), doping with 

lithium (Yan & Zhao, 2016) 

etc are attempted and 

improvements were 

observed. 

During charging, 

when decomposition 

occurs, the storage 

material like 

Mg(OH)2 may 

undergo sintering 

and grain growth 

resulting in lower 

porosity. During 

discharging, this 

hinders the 

rehydration process. 

The rate of 

dehydration reaction 

is slow. 

Still in laboratory 

phase. 

 

It is possible to conclude that, for the CSP technology, the most commonly used TES system is the 

direct one with molten salts, thanks to their wide range of application, their relative low cost and 

their properties to perform both the HTF solar field and storage media role. Unfortunately, the 

employment and diffusion of TES system is decelerated by the excessive initial investments, which 

make the fossil fuel usage economically more convenient, given the actual level of technology 

development. By the way, researches and experiments have been carried on for the purpose of 

finding alternative cheaper material for TES (Alva, Lin and Fang, 2018). 

2.4 Power conversion system  

2.4.1 Steam Rankine cycle 

All the currently operating ST are based on the traditional Rankine steam cycles, made up of a 

steam generator, a turbine, a condenser and a pump, as depicted in Figure 2.6. In this 
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configuration, firstly the working fluid is pumped from low to high pressure, requiring little work 

if the fluid is a liquid: the small amount of needed pumping work is one advantage of the Rankine 

cycle. High pressure water is heated in a boiler, where heat collected by the HTF is transferred to 

the water, at a constant pressure, to become saturated vapor. One of the disadvantages of the 

steam Rankine cycle emerges: the steam generator is made up of three stages, that are the pre-

heater, the evaporator and the superheater. The vapor is then expanded through a turbine 

generator to produce electricity. The turbine inlet conditions are fundamental with a view to 

obtain a high efficiency: if vapor temperature is not very high, the fluid is wet vapor and 

condensation can occur in the turbine, where fast-moving water droplets damage it and reduce 

its lifetime and efficiency. On the contrary, increasing the TIT, dryer vapor is surely produced, 

which can thus considerably increase system performance (Barlev, Vidu and Stroeve, 2011). 

Unfortunately, the fluid temperature at the turbine inlet has a limitation around 600 °C 

(experimentally, 627 °C if the inlet turbine pressure is equal to 30 MPa) caused by material 

components issues: steam is corrosive increasing the pressure (Dunham and Iverson, 2014). The 

main steam Rankine cycle drawback, which makes ORC an interesting possibility, is that it needs 

high temperature and high pressure to be economically interesting and profitable, that means 

high installed power. In addition, given the very high pressure ratio and enthalpy drop, multi-

stages turbines need to be adopted, causing considerable initial costs and, above all, a huge 

footprint (Quoilin et al., 2013). 

 

Figure 2.6: T-s diagram of the steam Rankine cycle 

2.4.2 Organic Rankine cycle 

Organic Rankine cycles are a valuable option: the process is the same as the steam Rankine cycles, 

characterized by the vaporization and the expansion of the working fluid from high to low 
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pressure to produce useful work. Then, the condensation and the pumping to high pressure close 

the cycle, which involves the same components typical of the steam Rankine cycle (Figure 2.7). 

Though, instead of steam-water, the working fluid is an organic compound, such as n-pentane or 

toluene, whose boiling point is lower than the water one (Quoilin et al., 2013). As a result, 

operating conditions are reduced at temperatures of the order of 70 – 90 °C, causing a decreasing 

in performances which can be balanced by the smaller amount of needed heat. Compared with 

the steam Rankine cycle, the organic option results to be convenient for small power and low 

temperature applications, where the steam Rankine efficiency is low: the power can be scaled 

down to some kW, maintaining a reasonable plant efficiency. Regarding the turbomachinery, 

since the enthalpy drop is much smaller than the one required in the steam turbine, single or two-

stages turbines are usually employed. By this time, there are few solar field coupled with ORC, all 

working with linear Fresnel concentrators, given their low investment costs and low operating 

temperature: 1 MWel plant in Arizona, showing a solar-to-electric efficiency of 12.1 % at design 

conditions (Canada et al., 2004); 100 kWel in Hawaii, with a collector fluid temperature equal t0 

120 °C (Quoilin et al., 2013); some very small-scale power plants are under investigation for very 

remote areas, such as in Lesotho (Quoilin et al., 2011). 

 

Figure 2.7: T-s diagram of the organic Rankine cycle 

2.4.3 Closed supercritical CO2 cycle 

In the last decades, key international energy investors and scientists like the US Department of 

Energy (Mecheri and Le Moullec, 2016; Rochau, 2014) have been looking at closed supercritical 

carbon dioxide cycle as a promising technology to increase flexibility and efficiency of CSP plant, 

especially when ST is considered, given the high HTF temperature at the receiver outlet. The 

aforementioned cycle consists in a closed loop in which the fluid is taken above the critical point, 

with the purpose of working always with a very dense compound. The components are a 

compressor, a heat exchanger, a turbine and a cooler, taking advantage of the well-known 
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technology for the Brayton cycle components design, as depicted in Figure 2.8, adapted from (Ahn 

et al., 2015). The process consists in compressing to the desired pressure the cooled fluid near the 

critical point, so that it behaves as a liquid and requires less compression work, then it is heated 

up before entering the turbine, where it is expanded; the cycle closes thanks to the rejection unit 

by which the still hot fluid releases heat to the environment before being compressed again. 

 

Figure 2.8: a) closed supercritical CO2 cycle, adapted from (Ahn et al., 2015); b) T-s diagram of closed 

supercritical CO2 cycle 

As already explained, operating near the critical point enables the compression work to be 

reduced since the fluid acts as a liquid, thus increasing the efficiency even at moderate turbine 

inlet temperature. Increasing it, the cycle efficiency is further improved, differently from what 

happens in the gas turbine cycle (open Brayton cycle), where the advantage of increasing the TIT, 

obtaining a larger output turbine work, is counterbalanced by the huge work needed to compress 

the gas. On the other hand, the TIT in a steam Rankine cycle is limited by materials issues related 

with corrosiveness of water. SCO2, on the contrary, is much less corrosive and enables a 

substantial rising of the temperature at the turbine inlet, while it still behaves as a liquid in the 

compression region, so that, at intense turbine inlet conditions, the resulting cycle efficiency is 
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higher than both the steam Rankine cycle and the open Brayton cycle (Ahn et al., 2015; Crespi et 

al., 2017; Lee, Kim and Jang, 2014; Was et al., 2007). 

Another important advantage of the sCO2 closed cycle is the compact turbomachinery: having the 

working fluid a high molecular mass and density since it operates beyond the critical point (30.98 

°C, 7.38 MPa), which means that the minimum pressure is higher than any working pressure 

typical of the steam Rankine cycle (few KPa) or Brayton cycle (around hundreds KPa), the 

volumetric flow rate decreases and allows the adoption of smaller components, reducing initial 

costs (Ahn et al., 2015). So, the closed sCO2 cycle has smaller weight and volume, lower thermal 

mass and less complex power blocks due to the higher density of the fluid and simpler cycle design 

(Angelino, 1969), showing better flexibility, transient and part load behaviour by virtue of the 

lower turbomachinery heat capacity (Binotti et al., 2017). The expensive multi-stages steam 

turbine is substituted by a compact few-stages turbine, reducing a lot the plant footprint. 

Unfortunately, working near the critical point causes some disadvantages too. As an example, 

regarding the compressor, the real gas effect is not negligible and the volumetric characteristics 

are strongly modified, passing from a liquid to a gas behaviour during compression, so the blades 

design is a  crucial issue, even if in the market CO2 compressors are already present (Binotti et al., 

2017). 

The most attractive sCO2 cycle key feature is the wide range of operating temperatures that makes 

them suitable for a large number of applications, from stand-alone plants to combined heat and 

power and waste heat recovery, and for different fuels, both fossil or renewables (Crespi et al., 

2017). A meaningful factor for the plant performances is the TIT: it surely impacts on the 

efficiency of the power block, but also on the solar field one since severe conditions at the turbine 

inlet mean a higher molten salt temperature which increases solar tower losses. Studying and 

comparing the thermal efficiency (ratio between the net power output to the heat collected by the 

HTF and given to the sCO2) as function of the TIT, it results that the steam Rankine cycle can 

achieve high efficiencies under medium-low turbine inlet temperature conditions (Ahn et al., 

2015), because the vaporization of liquid water requires a huge amount of heat, coming from the 

solar field, without causing any increase of the temperature (Irwin and Le Moullec, 2017); but 

attention must be paid when temperature is low in order to avoid the formation of liquid droplets 

which would damage and corrode the turbine. Regarding the gas turbine cycle (open Brayton 

cycle), even if the allowable TIT is significantly higher, the resulting efficiency is not improved too 

much since compressing a gas requires a huge amount of work and so the needed compressing 

work compensates the bigger available power from the turbine. On the other hand, using sCO2 

cycle the advantage of both the aforementioned cycles are combined and performances are 

substantially improved: the flow is compressed in the incompressible region, where it behaves as 

a liquid, leading to lower work needed, and the higher TIT can be exploited without the material 

problems that are typical of the Rankine cycle, thanks to the less corrosiveness of CO2 and for the 

reason that, being the fluid at supercritical conditions, the heat is not used to make the change of 
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phase happen but only to increase the temperature at the turbine inlet (Irwin and Le Moullec, 

2017). 

Initially, sCO2 cycles have been developed for nuclear applications (Dostál, 2004) but recently 

they have been studied to be coupled with CSP technology (Bauer et al., 2016; Crespi et al., 2017; 

Wang, He and Zhu, 2017), as long as the higher receiver temperature permits to reach higher 

plant efficiency and a substantial decrease of the costs (Iverson, et al., 2013; Turchi, et al., 2013). 

As a drawback, the closed sCO2 cycle pressure ratio is much smaller compared with the steam 

Rankine cycle and the turbine outlet temperature is higher: thus, the simple closed cycle results 

inefficient compared with the steam one, mainly due to irreversibility and exergy losses, and other 

configurations have to be considered. 

Given that generally the available resources for CSP technology are in desert regions, the 

necessary amount of water for cooling is difficult to be found, so dry-cooling systems have to be 

applied (Dunham and Iverson, 2014). The great advantage of dry-cooling is the substantial 

reduction of the amount of water consumption: wet-cooled trough systems need approximately 

2.8–3.4 t/MWh while solar tower installations about 2.8 t/MWh (Carter and Campbell, 2009). 

The estimated water consumption reduction is of the order of the 90 % (Holbert and Haverkamp, 

2009 - 2009; Pihl et al., 2012), but the beneficial aspect is counterbalanced by the reduction of 

performances and the increase of costs: indeed, both the efficiency and the electricity production 

decrease (Azoumah et al., 2010) and the dry-cooling equipment is 3.3 times more expensive than 

the one for wet-cooling (Chung-Ling Chien and Lior, 2011; Mittelman and Epstein, 2010). Overall, 

the feasibility and convenience of dry-cooling systems is not commonly sustained by researches 

and it needs further technology improvements (Ahn et al., 2015). 

2.4.3.1 Recuperative closed supercritical CO2 cycle 

As previously said, the temperature at the outlet of the turbine is still high, due to the low-pressure 

ratio typical of closed supercritical CO2 cycle. Therefore, in order to obtain a high efficiency, it is 

necessary to recover the large amount of heat that, otherwise, would be rejected to the 

environment and wasted. Even though several configurations of sCO2 cycles are present in 

literature (Angelino, 1968; Feher, 1968), generally the common point is the necessity of the 

recuperation process: after the turbine, a recuperator enables the exploitation of heat which is 

used to increase the temperature of the working fluid before entering the main heater (Figure 

2.9). The cycle thermal efficiency is improved with respect to the simple closed supercritical CO2 

cycle because the amount of needed heat as input is substantially decreased. 
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Figure 2.9: a) recuperative sCO2 cycle (Ahn et al., 2015); b) T-s diagram of closed supercritical CO2 cycle 

2.4.3.2 Recompression closed supercritical CO2 cycle 

However, the simple recuperative configuration is inefficient when coupled with CSP, due to the 

high working temperatures which make also the recuperator suffer the real gas effects. When 

pressure increases, the gas starts behaving as a real one: in these conditions, the specific heat 

capacity (Cp) does not depend only on the temperature, but also on the pressure. In fact, CO2 

shows a deep change in correspondence of the critical pressure, as shown in Figure 2.10. So, the 

increased specific heat capacity fluid on the cold high-pressure side of the heat exchanger has to 

exchange heat with the lower specific heat capacity fluid on the hot low-pressure side and this 

matching leads to a high temperature difference, thus irreversibility, (Binotti et al., 2017) and the 

so-called “pinch point problem” is likely to happen in some part of the heat exchanger. The pinch 

point is the minimum temperature difference place in a heat exchanger and it has to be satisfied 

for the correct heat transfer process. 
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Figure 2.10: Specific heat capacity of CO2 as function of temperature and pressure (Kulhánek and Dostál) 

The result is that, to ensure the minimum temperature difference, further heat recover between 

hot and cold stream is prohibited and the efficiency is penalised. The violation of the pinch point 

generally happens in the cold or hot end of the component, but, in this case, given the strong 

variation of the heat capacity, it may occur somewhere within the recuperator (Kulhánek and 

Dostál; Ladislav et al., 2016). For this reason, in the recompression layout (Figure 2.11), the low-

pressure flow exiting the turbine, still having a considerable temperature, passes through two 

recuperators: first, the High Temperature Recuperator (HTR) and, secondly, the Low 

Temperature Recuperator (LTR). After exiting the LTR, the flow is split into two streams: the first 

one is cooled in the Pre-Cooler (PC) and then compressed to the maximum pressure by the Main 

Compressor (MC); the second stream is compressed by the Re-Compressor (RC) without being 

cooled down. In this way, the pinch point problem is avoided until the heat capacity (m∙Cp) of 

both sides is the same: the lower Cp of the hot side fluid is compensated by its higher massflow 

and it is well matched with the small amount of the high-specific heat capacity fluid in the high-

pressure side. Then, the two flows are mixed before entering the HTR, where they recuperate heat 

from the turbine sCO2. Finally, the fluid is heated up to the required temperature in the main the 

heater and it is expanded in the turbine. In addition, the choice of the proper split ratio enables 

the exploitation of the residual heat from the LTR, minimizing losses and obtaining the maximum 

cycle efficiency. 
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Figure 2.112.12: a) recompression sCO2 cycle components (Ahn et al., 2015); b) T-s of recompression sCO2 

cycle (Ahn et al., 2015) 

2.4.3.3 Closed supercritical CO2 layouts 

Starting from the recuperative set-up, efforts go in the direction of improving efficiency. One 

attempt to improve the heat recuperation process results in the Pre-compression layout: a second 

recuperator and an intermediate compressor are added, so that the fluid exiting the HTR is 

compressed before entering the LTR to enhance the thermal transfer. Other improvements 

opportunities are given by the re-arrangement of the recompression cycle. For instance, in the 

Reheat layout the expansion process is completed in two stages and heat is added after the first 

high-pressure expansion in the secondary heat exchanger, before entering the low-pressure 

turbine. In this way, the turbine power output is increased. Concurrently, adding an intercooler 

between the compressors gives an help with a view to reducing the needed work because the 

temperature of the fluid is reduced. (Binotti et al., 2017; Luu et al., 2017). In any case, even if 

performances are improved and the resulting thermal efficiency is increased, adding components 

generate a substantial increase of the costs. 
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2.5 Plant configuration 

The most used and efficient heat transfer system between the CSP plant and the power block is 

the indirect one, given its advantages in terms of flexibility and part load: the solar radiation heats 

the HTF, which, through a heat exchanger, transfers the thermal energy to the working fluid in 

the power block. Clearly, this solution, compared to the direct system consisting in expanding in 

the turbine directly the heated fluid to obtain power, requires an additional intermediate heat 

exchanger, causing additional costs and exergetic losses and the maximum temperature is lower 

than in a direct configuration. But it allows the stock of a fluid different from the power block one, 

that means with better storage features, resulting in separated solar hours and electricity 

production and shows easier control strategy. Moreover, the sCO2 receiver is still under 

demonstrations and, up to now, it has been proven in test-lab only; a direct configuration with 

the sCO2 does not allow an easy integration of a TES system since the gas has not as good storage 

capability as a liquid or a solid (see section Supercritical CO2 receiver). As a direct consequence, 

the indirect configuration leads to more flexible performances (Binotti et al., 2017; Iverson et al., 

2013). 

Nowadays, about 430MWel of commercial ST plants are operating (mainly in Spain and US), while 

other 430 MWel are under construction in China, US, Chile and South Africa and other 1500 MWel 

are in the planning phase (Binotti et al., 2017). All the ST currently in operation are based on 

traditional Rankine steam cycles to convert the thermal power into electricity and have a 

temperature operating range between 300 °C and 500 °C, while in the future it is expected to 

reach 800 °C (Vignarooban et al., 2015). 

2.6 Technology Development 

“Solar One” is the first demonstrational solar-thermal plant, installed in California, working with 

a solar tower water/steam receiver from 1982 to 1986. It is built to show the feasibility of the solar 

tower technology and produces 10 MWel, coupled with a steam Rankine cycle. 

Later, in 1995, it is converted in “Solar Two” by adding more heliostats and, above all, using 

molten salts as both solar field HTF and storage fluid, instead of water and oil, as in “Solar One”. 

This is the first test plant equipped with a molten salts storage system: in this case, an 

intermediate heat exchanger is needed to transfer heat from the molten salts to the power block 

steam. 

The previous two projects inspire Torresol Energy that in 2011 started the project “Gemasolar” 

(GMSP) (Figure 2.13): the first commercial solar power plant based on an heliostats field with a 

molten salts tower and a molten salts storage system, coupled with a steam Rankine cycle to 
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produce electrical power. Table 2.3 shows the main characteristics of the plant (Relloso and 

García, 2015). 

Table 2.3: main GMSP features (Relloso and García, 2015) 

Parameter Value 

Owner TEI (60 % owned by SENER Group) 

EPC Contractor (main) and Engineering SENER Ingeniería y Sistemas S.A. 

Number of heliostats 2,650 

Mirror aperture area 306,658 m2 

Receiver area 270 m2 

Concentration Ratio (avg) 1136 

Receiver Power 120 MWth 

Turbine Net Power 19.9 MWel 

Storage capacity 15 hours 

 

The molten salts TES provides heat to the power block even during cloudy conditions, so that the 

number of the steam turbine shut downs and starts up are drastically reduced (Relloso and García, 

2015). 

It is fundamental to notice that the CR is very high: if all the radiation were focused on the receiver 

centre, which is tubular type, the peak flux would reach 2000 kW/m2 and surely the tubes 

materials would be permanently damaged. Up to now, the maximum peak withstood by molten 

salts receiver is around 1000-1200 kW/m2. So, the concentrated energy is spread all along the 

receiver surface, in order to have a lower flux and respect the materials limitations. Clearly, in this 

way the plant performances are reduced (Relloso and García, 2015). Recently, to solve this issue, 

as explained in section Solid sand-like particles receiver, researches have been looking at the solid 

particles receiver, which can withstand higher fluxes and, consequently, the efficiency results 

improved. 
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Figure 2.13: Gemasolar heliostat field layout 

2.7 Combined Heat and Power 

Combined Heat and Power (CHP) or cogeneration is the combined production of electric and 

thermal power using the fuel sequentially, so that both the outputs are produced in the same time. 

In this way, money and fuel can be saved: thermodynamically speaking, cogeneration is an 

efficient utilization of fuel, by virtue of the possibility of use the amount of heat which, in separate 

electricity production, would be rejected to the environment and wasted. CHP systems can reach 

efficiencies of the order of 80 %, while the separated production of thermal and electrical power 

typically is characterized by an overall efficiency of 45 %, as shown in Figure 2.14 (Shipley et al., 

2009). 
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Figure 2.14: CHP process flow diagram (Shipley et al., 2009) 

The needed components, such as heat recovery system, electrical generator and controls, are the 

typical power system equipment and so they are well developed and simply established in the 

CHP configuration, without causing any drastic costs increasing (Gvozdenac, et al., 2017). The 

CHP convenience is evaluated using the Primary Energy Saving (PES), an index that compare the 

amount of fuel used by CHP and the one used by actual conventional plants for the separated 

production of thermal and electric power. An efficient configuration is characterized by a PES 

equal or higher than 10 % (Directive 2004/8/EC of the European Parliament and of the Council 

of 11 february 2004 on the promotion of cogeneration based on a useful heat demand in the 

internal energy market and amending directive 92/42/EEC 2004). 

In literature, lots of CHP configurations are presented and investigated. For instance (Pantaleo, 

et al., 2015): the first evaluated configuration is made up of a boiler with a steam turbine and 

bottoming Organic Rankine Cycle (ORC); the second possibility is formed by a boiler and a steam 

turbine; the third one consists in a boiler and an ORC; the last configuration is made up of the 

boiler equipped with the steam turbine and the bottoming ORC with the possibility to switch it on 

or off, depending on the heat demand. According to the same paper, the ORC is the most suitable 

for small and micro applications thanks to the possibility of selecting the working fluid, instead 

of using steam: generally speaking, organic compounds are characterized by a lower boiling point 

and less heat is required for vaporizing, so that the enthalpy drop is reduced and the turbine can 

operate with few stages. This enables the low temperature application, such as geothermal, solar, 

biomass or waste heat (Mohammadi et al., 2017). On the other hand, in the industrial energy 

demand, where the needed thermal power is high to face the demand, the steam turbine 

configuration results to be the most suitable because it maximizes the heat available to the load, 

even if increasing the thermal power causes a reduction in the producible electrical power. Indeed, 

steam turbine CHP is a configuration which allows to deliver a large amount of thermal power 
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and the electricity is often considered only a by-product, so that the power over heat ratio is 

usually near 0.2 (U.S. Department of Energy, 2016). 

Given the rising in natural gas application, recently gas-steam combined cycle based CHP systems 

have been attracting lots of investors (Yang, Huang and Ma, 2018), given that flue gases 

discharged by the turbine are characterized by high temperatures of the order of 300-400 °C. This 

kind of plant can be divided in two parts, that are the gas cycle and the water/steam one, even if 

a simpler configuration with only a gas-turbine and a Heat Recovery Boiler is possible, to simply 

obtain heated water. By the way, the link between the aforementioned cycles is the HRSG, which 

exploits the flue gases and uses their waste heat to generate steam. In order to recover as much 

waste heat as possible, HRSG can have different pressure levels. The advantage of using a gas-

turbine is that the generated electricity is no longer function of the heat load, since it is generated 

before producing heat, even though the steam turbine can produce some work, too. In this case, 

the heat generation regulation has two additional Degrees Of Freedom (DOFs) with respect to the 

condensing extraction steam turbine (see 2.7.1 Steam turbines): the bypass valve, to send directly 

the flue gases to the stack, and the turbine control stage. The choice of the fuel is not particularly 

demanding: it can be from renewable sources, such as gasified biomass, or natural gas or fossil 

fuel (Pantaleo et al., 2015). By the way, the best suited configuration for the desired application 

strongly depends on the temperature at which the heat from cogeneration is available: compared 

with the steam turbine case, the temperature of the heat produced by an ORC is significantly 

lower. For this reason, the choice is often a compromise between a higher electrical efficiency and 

higher investment costs, adopting a combine cycle (steam turbine and ORC), and the less 

expensive but also less efficient ORC cycle or steam turbine cycle. Another factor to be taken into 

account is the variable thermal and electrical power demand pattern that, in many cases, makes 

the configuration with the flexible ORC operation (which means the possibility to switch it on or 

off to follow the demand) very interesting and attractive (Pantaleo et al., 2015). To conclude, any 

time it is fundamental to understand if the higher combine CHP investment cost is 

counterbalanced by the increased plant operational flexibility and, consequentially, conversion 

efficiency, remembering that the turbine performances are drastically worsened by partial load 

operation and PES can show the non-convenient adoption of CHP. 

2.7.1 Steam turbines 

A CHP plant can operate at fixed or variable portion of electricity relative to the output heat. In 

the former case, the back-pressure steam turbine is used, whilst the latter one is characterized by 

the adoption of the extraction-condensing steam turbine. 

The back-pressure steam turbine consists in expanding the fluid until a higher pressure than the 

usual condensing pressure of a steam cycle, typically between 3 and 17 bar (U.S. Department of 

Energy, 2016), in order to have heat available at higher pressure and temperature from the 
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condenser. The cycle is the common steam Rankine one. As well-known, the heat grade depends 

on the conditions at which it is available: the higher the temperature, the better the use. Being the 

power to heat ratio fixed, the regulation has only one degree of freedom and consists in putting 

one valve before the boiler, to regulate the fuel flow rate. The main advantages lie in the simple 

layout, in the small amount of water necessary to cool, the low capitals costs and the overall high 

efficiency; but the size of the steam turbine increases. 

On the other hand, the extraction-condensing configuration (Figure 2.15 (Iodice et al., 2017)) is a 

turbine from which steam can be extracted at different pressure levels and sent to heat 

exchangers. So, in this case it is possible to operate at higher pressures than adopting a back-

pressure steam turbine (U.S. Department of Energy, 2016). The mechanical power output 

decreases as the extraction rate is increased, even if PES is improved because the extracted steam 

from the inlet of the low pressure stage turbine produces thermal power more efficiently than 

electricity  (Yang, Huang and Ma, 2018). Since the power to heat ratio in variable, in this case two 

DOFs regulation is allowed: one valve to regulate the fuel flow rate and another one after the hot 

condenser, to control the extraction flow rate. 

Increasing the outlet turbine pressure is often needed to obtain a certain temperature of the 

thermal source in the prospective to make heat attractive, but this surely will decrease the amount 

of mechanical power produced by the plant. The pressure control, in addition, can be obtained 

using a variable geometry of some turbine stages. 

 

Figure 2.15: Condensing-extraction steam turbine (Iodice et al., 2017) 

2.7.2 Gas turbine 

In a gas turbine, that is an open Brayton cycle, the exhaust gases are discharged at a very high 

temperatures, of the order of 400–600 °C: this condition is favourable with the view to recovering 

heat, which is a high-grade thermal power. For this purpose, after the turbine, an additional 

component, the Heat Recovery Boiler (HRB) or Heat Recovery Steam Generator (HRSG) is 

placed, depending on the amount of available heat and, consequentially, on the possibility to 
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generate, respectively, hot water or steam Figure 2.16 (adapted from (Energy Solutions Center, 

2016)). 

The powerful gain of adopting a gas turbine equipped with a recovery component lies in the 

unchanged generated electrical power produced by the gas turbine. Another important remark is 

that the outlet temperature of the turbine strongly influences the available useful heat: increasing 

it, the heat does the same. If more useful heat is needed, it is possible to use a supplementary fire 

in order to increase the temperature at the inlet of the HRB. In this case, in view of flexibility, the 

DOFs are four: 

1. turbine control; 

2. bypass valve, that can make some flue gases mass-flow go directly to the stack, without 

passing through the HRB; 

3. the supplementary fire; 

4. the Inlet guide Vanes (IGV) to control the air mass-flow in the compressor. 

 

Figure 2.16: Gas turbine equipped with HRSG/HRB (adapted from (Energy Solutions Center, 2016)) 

2.7.3 Combined cycle 

Another good option, especially in terms of flexibility e cycle control, is the combined cycle, made 

up of a gas turbine coupled with a steam Rankine cycle through a HRSG Figure 2.17 (adapted from 

(Energy Solutions Center, 2016)). The steam turbine is the same discussed in the previous 

subsection 2.7.1 Steam turbines: for instance, considering a condensing-extraction turbine, the 

degree of freedom of the supplementary fire, the IGV, the turbine control and the bypass valve are 

added to the dofs of the previous Rankine cycle. 
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Figure 2.17: Combined cycle (adapted from (Energy Solutions Center, 2016)) 

2.7.4 Internal Combustion Engine 

Despite the enormous efforts for the purpose of reducing emissions and enhance efficiency, such 

as variable valve timing or turbocharger, in the Internal Combustion Engines (ICE) around 60 - 

70 % of the energy given by the fuel is lost as heat (Endo et al., 2007). Additionally, regulations 

are stricter than in past regarding combustion temperatures and pressure. For these reasons, 

Waste Heat Recovery (WHR) has shown to be an effective and economically convenient way to 

reduce fuel consumption avoiding the increase of emissions (El Chammas and Clodic, 2005). 

Internal Combustion Engines (ICE) are a robust and economic choice for CHP, thanks to 

technology developments and high production level. They offer two main sources of heat to be 

recovered: one from the exhaust gases, giving medium-grade heat at 350-450 °C, and one from 

the engine coolants (low-grade), that are water, where a small amount of heat is available at 

around 50-100 °C, and oil, with a heat temperature of around 100–120 °C (Sprouse and Depcik, 

2013). Clearly, the higher the temperature at which the heat is accessible, the higher its quality. 

The schematic of the system is depicted in Figure 2.18 (Energy Solutions Center, 2016). 

Antecedent studies have demonstrated that the medium-grade and low-grade heat have enough 

exergy to justify the coupling of ICE with a secondary cycle, which definitely causes an increase of 

costs that are counterbalanced by the better efficiency and the lower emissions. The most suitable 

cycle has been proved to be the ORC, thanks to the standard components which it is made up of 

and to its medium-low operating temperatures (Sprouse and Depcik, 2013).  
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Figure 2.18: Heat recovery from ICE (Energy Solutions Center, 2016) 

2.7.5 CHP as a promising application of sCO2 power cycles 

As already widely explained, sCO2 closed loop cycles have the fundamental advantage of 

increasing the thermal efficiency with respect to the conventional gas cycles or the superheated 

steam cycles at similar temperatures (Dostal, Hejzlar and Driscoll, 2006) and, nowadays, 

researches on sCO2 application are directed to the electricity production only. In consideration of 

the high efficiency and the fuel economy which define CHP configuration, it is attractive to 

investigate the latter operating with supercritical carbon dioxide as working fluid (Moroz, Burlaka 

and Rudenko, 2014). In the mentioned study, among the variety of possibilities, fossil fuel is 

considered for the sake of simplicity. The two selected approaches are: steam Rankine cycle CHP 

plant with bottoming supercritical CO2 cycle, where heat is produced after the turbine expansion 

using a steam fraction, subdivided into combined complex steam-sCO2 CHP plant (Figure 2.19) 

and combined simple steam-sCO2 CHP plant (Figure 2.20); CHP plant with single sCO2 working 

fluid, subdivided into cascaded sCO2 CHP plant, where heat is produced by the water heating in 

sCO2 cycle coolers (Figure 2.21), and single sCO2 CHP plant, where the production of heat is done 

by the cooler and directly in the heater (Figure 2.22). 
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Figure 2.19: combined complex steam-sCO2 CHP plant (Moroz, Burlaka and Rudenko, 2014) 

 

 

Figure 2.20: combined simple steam-sCO2 CHP plant (Moroz, Burlaka and Rudenko, 2014) 
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Figure 2.21: cascaded cCO2 CHP plant (Moroz, Burlaka and Rudenko, 2014) 

 

 

Figure 2.22: single supercritical CO2 CHP plant (Moroz, Burlaka and Rudenko, 2014) 

According to the paper mentioned earlier, the first approach, which uses a topping Rankine cycle 

and a bottoming sCO2 cycle, shows the benefit of maintaining the same boiler, turbine stages and 

heat exchangers and the advantage of having a small condenser since the condensation pressure 
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is higher than a conventional Rankine cycle one. In addition, the bottoming sCO2 cycle layout is 

very simple thanks to the single recuperator with a low temperature difference and the low 

temperature of the working fluid. From the opposite position, CHP plants have the strong 

advantage of operating with a single working fluid. The highest electric efficiency is reached by 

the cascaded sCO2 CHP plant. In addition, the electric power produced by steam Rankine cycle 

CHP plant with bottoming supercritical CO2 cycle depends on the heat load and, in particular, 

decreases when the thermal power increases, whilst in the CHP plant with single sCO2 working 

fluid the outputs are completely independent, making this configuration more attractive. On the 

other hand, the Heat Utilization Factor, which is the ratio between the sum of the net electric 

power and the useful thermal power to the heat consumption, is higher in the first configuration, 

but, since electric power is more valuable than the thermal one, the second configuration with the 

single working fluid remains preferable. In any case, an analysis of the capital costs and specific 

needs of the users have to be carried out in order to choose the best plant. 
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3. LITERATURE REVIEW 

The common interest of investors and researches for CSP technology lie in the attempt to reduce 

the still high LCOE, in order to produce clean energy in an attractive way for the market. To reduce 

ST plants costs, it is fundamental to base the studies on GMSP, since it is the only commercial 

plant in the world operating with a molten salts technology. So, starting from this point, 

components have to be improved in order to reach better cost/efficiency ratio. The economy of 

scale in a key feature when dealing with ST plants: increasing the power plant size, the LCOE 

significantly decreases. Lastly, try to take advantage of the convoy effect: the LCOE of a solar park 

made up of more than one plant is lower than the LCOE of a stand-alone plant (Relloso and 

García, 2015). Up to now, there are three possible paths for making finally concentrating solar 

power economically convenient, acting on the receiver: solid sand-like particles receiver; new 

molten salts researches; sCO2. Additionally, the current power cycle has to be changed 

(Eurekalert, 2018). 

3.1 Solid sand-like particles receiver 

On the view of making CSP affordable, on June 2018 Sandia National Laboratories for the U.S. 

Department of Energy (DOE) has launched the National Solar Thermal Test Facility (NSTTF) in 

Albuquerque, New Mexico. The plant solar field is made up of 218 individual Heliostats (National 

Technology and Engineering Solutions of Sandia, LLC, 2015) which reflect the sun radiation on a 

61-meter-high solar tower. Instead of the typical tubular receiver, the one installed on this solar 

tower is a solid particles type (Figure 3.1 (Ho and Iverson, 2014)): ceramic compounds are 

continuously heated up by the concentrated sun radiation and reach temperatures 100 °C higher 

than the typical fluids (Temple, 2017). The heated sand-like ceramic particles can then be cheaply 

stored in an insulated tank, by virtue of their favourable storage properties, and used to heat the 

secondary fluid (i.e. CO2) up for the power cycle. Along these lines, since the solar radiation is 

directly absorbed by the solid particles, the typical constraints of ordinary liquid or gas tubular 

receiver are overcome: flux limitations connected with the high thermal stresses of pipes 

containing the heated fluid are completely avoided and temperatures of about 1000 °C are allowed 
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at the outlet of the receiver (Ho and Iverson, 2014). Clearly, the efficiency is strongly improved. 

The main advantages in adopting solid particles receivers are the low costs and the already 

massive production. On the way round, particles have to be mechanically moved and, concerning 

big application power plant of more than 10 MW, the weight becomes a key issue and the aperture 

extension of the receiver reaches dimensions of 10 m2: this means that an enormous amount of 

sand has to be moved up, made passing through the heat exchanger, stored in the tank and back 

to the receiver, requiring obviously mechanical devices that provides the needed work. But it is 

well known that mechanical components are always affected by breakdowns. Anyway, Sandia 

National Laboratories are investing 9.5 million dollars on sand-like particles receivers, believing 

that this is the right route to the make CSP affordable and spread up in the market (Eurekalert, 

2018). 

 

Figure 3.1: Falling particle receiver system with integrated storage and heat exchanger (Ho and Iverson, 

2014) 

3.2 Novel molten salt studies 

In the last months, National Renewable Energy Laboratory has invested 7 million dollars on 

researches for new molten salts, having the convenient aspect of being already proved and 

commercially used (Eurekalert, 2018). Nowadays, in operating plants, corrosion problems limit 

the upper molten salts temperatures to a limit of 565 °C, even though they are stable until 800 °C 

(Vignarooban et al., 2015). Taking advantage of the existing and well-studied actual technology, 

researches are going in the direction of understanding the causes of corrosion and trying to 

attenuate them. Other efforts have been made in order to find different liquid mixture based on 

chloride that can withstand a temperature of the order of 700 °C, so that the molten salts loop can 

perfectly match the sCO2 cycle, whose best efficiency is reached with that maximum temperature, 

avoiding corrosion (Eurekalert, 2018). Recent ongoing tests have shown that the Hastelloy C-276 

(Chromium-Nickel-Molybdenum) pipes corrosion rate drastically diminishes at 800 °C in the 

absence of air when NaCl–KCl–ZnCl2 molten chloride salts are employed (Vignarooban et al., 
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2015). Obviously, in tests small-lab scale it is easy to seal components and to work in a completely 

anaerobic environment, but in a real commercial plant complications continuously occur and it is 

hard to prevent devices from leakages, especially when the plant is started up and shouted down 

to follow the sun radiation and maintenance has to be carried on, definitely causing the system to 

face air and water intrusions (Eurekalert, 2018). Besides, new mixtures characterized by a lower 

melting point are under investigation. For example, the eutectic mixture of five alkali-nitrate salts, 

NaNO3 (6 wt%)–KNO3 (23 wt%)–LiNO3 (8 wt%)–CsNO3 (44 wt%)–Ca(NO3)2 (19 wt%), known as 

Halotechnics SS-500 (Raade and Padowitz, 2011). The caesium-nitrate substantially lowers the 

melting temperature to around 65 °C, still proving stability above 500 °C, allowing a strongly 

wider operating temperatures range (Vignarooban et al., 2015). 

3.3 Supercritical CO2 receiver 

The simplicity of using, storing and transport a gas, the sCO2, has attracted 7.6 million dollars of 

investment by Brayton Energy. But the first big disadvantage comes up naturally: employing a 

gas, the receiver efficiency is penalized due to the lower fluid density. The second con to be faced 

is that an indirect TES system is needed: while solid particles or liquid molten salts are capable of 

retaining heat, a gas has to transfer the captured heat to another material that can store it. By the 

way, the last disadvantage can be seen as a possibility to increase the plant flexibility, since the 

receiver and storage fluid are decoupled and it is possible to choose the best option for each 

separate role (Eurekalert, 2018). The sCO2 offers the possibility to operate at very high 

temperatures and to improve the CSP efficiency. Given the high pressure, it is not suitable for PT 

whilst it is well compatible with ST technology (Vignarooban et al., 2015). A study directed by 

Brayton Energy shows that in a solar collector field operating with sCO2, the outlet receiver 

temperature is 750 °C and the expected receiver thermal efficiency is 92 % (Sullivan et al., 2013; 

Vignarooban et al., 2015). 

3.4 Supercritical CO2 power cycle 

The interest in adopting the sCO2 arises also thanks to the opportunity of using it both as fluid for 

the solar field and for the power cycle. Further, all the CSP plants are limited by the steam Rankine 

cycle to which they are coupled with: extreme conditions make water corrosive and cause stresses 

problems on the containing pipes. For this reason, the TIT cannot overcome 600 °C, without 

exploiting the possible improvements that the solar tower technology offers at higher 

temperatures and without experiencing the reduction of capital costs leaded by higher TIT: in 

point of fact, concerning turbomachinery, the best way to reduce the LCOE is to increase its 

efficiency, which results improved the higher the temperature at the turbine inlet is. In this way, 

indeed, the capital costs stay the same, but more electricity is produced and the resulting LCOE 
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is lower. So, passing from a steam cycle with a limit of 565 °C to a sCO2 with a maximum 

temperature of 700 °C, an improvement of around 10 percentage points on the plant efficiency is 

experienced and the LCOE is predicted to be reduced of the 20 %. Further, as already explained 

in the subsection 2.4.3 Closed supercritical CO2 cycle, the sCO2 turbine is much smaller than the 

steam turbine and this beneficially contributes on the reduction of plant costs. In this view, finally 

investing in CSP technology coupled with sCO2 power block will be attractive and moneymaking, 

with an efficiency improved of the 30 % with respect to the actual CSP-steam turbine plants (Irwin 

and Le Moullec, 2017). Millions of dollars have been invested in experiments and tests for this 

promising technology: Brayton Energy, National Renewable Energy Laboratory, Sandia National 

Laboratories, Electric Power Research Institute, Georgia Institute of Technology, Georgia 

Institute of Technology, University of Tulsa, Hayward Tyler, Massachusetts Institute of 

Technology, Mohawk Innovative Technology, Purdue University, DOE, Idaho National 

Laboratory, National Renewable Energy Laboratory, Oak Ridge National Laboratory, Oak Ridge 

National Laboratory, Oak Ridge National Laboratory, Savannah River National Laboratory 

(Eurekalert, 2018). 

3.5 Advanced material for sCO2 power cycle 

application 

Currently, the commonly used materials for piping in CSP are stainless steels and nickel-based 

alloys, for temperatures higher than 500 °C, typical of solar tower plant. The central issues related 

with contact between pipes and HTF are salts stability and metal corrosion, because the operation 

conditions are intense, with temperatures up to 800 °C when molten salts are employed. The high 

temperature is needed to obtain an efficient plant, but the fluid act as an electrolyte and corrodes 

the metal (Bauer et al., 2013; Vignarooban et al., 2015). 

Concerning the standard Solar Salt, 60 wt% sodium nitrate (NaNO3) and 40 wt% potassium 

nitrate (KNO3) (Carling et al., 1981), thermal stability degrades as temperature increases: 

according to an experimental recent study, a 3 wt% of mass loss is registered overcoming 530 °C, 

but during the experimental time frame only the primary decomposition mechanism, by which 

nitrite is formed, not also the secondary one that releases oxides and nitrogen, reaches the 

equilibrium, so it is suggest to continue with the long-term operational tests. This limit is different 

from the one previously found (565 °C) (Bradshaw et al., 2002) and the reason is that different 

mass loss definitions lead to different limits. Additionally, the stabilizing role of increased oxygen 

partial pressure is proven and confirmed. Clearly, the material of tanks and pipes has to be 

resistant to corrosion at least up to the stability limit of the HTF. Unfortunately, metal corrosion 

mechanism due to the molten alkali nitrate salts is not well known nor established, so additional 

studies are required for the purpose of understanding whether there is the presence of Stress 

Corrosion Cracking (SCC) (Bauer et al., 2013). However, it has been proved that chloride 
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impurities are dangerous by reason of ruining the oxide layer of the metal, creating a favourable 

environment for corrosion to start (Bauer et al., 2013; Goods and Bradshaw, 2004; Kearney et 

al., 2004). Up to now, it is not enough clear the influence of nitrate/nitrite equilibrium reaction, 

happening in the operating range temperatures up to 600 °C, on corrosion. Trace moisture 

increases the corrosion rate, too (Bauer et al., 2013; Kearney et al., 2004). On the other hand, 

about the actual experimental study on chloride eutectic salt mixture, stable above 800 °C, four 

types of Hastelloys are tested to find the one that best resists to corrosion: C-276, C-22, N and SS 

304. Corrosion rate results to increase in a hotter environment, but a satisfying and favourable 

Hastelloys behaviour is registered in absence of air, so that it is possible to conclude that the 

eutectic mixture NaCl–KCl–ZnCl2 is able to work up to 800 °C in pipes and tanks constituted by 

this advanced material without corroding them, provided an anaerobic environment 

(Vignarooban et al., 2015). 

Conversely, regarding the sCO2 cycle, characterized by extreme conditions that make the fluid 

work over the critical point, experiments are conducted up to 730 °C and 207 bar. Even though 

the compact turbomachinery would allow to use costly Ni-based superalloys which show 

exceptional corrosion resistance, economic considerations limit their usage. Ni-based alloys are 

the most used for constructing the pipes and the components as this compound does not show 

considerable change on the oxidation rate connected with the pressure: a protective and stable 

layer of Chromium is formed which prevent the fluid from corroding the containing pipe and the 

components passing through. With fine-grain austenitic steel, on the contrary, a Chromium scale 

is formed at ambient pressure, but then it is substituted by a Fe-oxide layer, whose formation and 

development is unpredictable, leading to a variable corrosion rate. However, an estimation of 

long-term austenitic stainless-steel operations in contact with sCO2 shows a beneficial “healing” 

mechanism, after 10,000–15,000 hours with temperature ranging between 560-650 °C, that 

slows down the oxidation rate. In any case, further long-term tests are needed to assess the sCO2 

(Holcomb, Carney and Doğan, 2016). Age hardened Ni-based alloys represent another possibility 

for supercritical carbon dioxide cycle elements: they offer an exceptional creep resistance, 

acceptable ductility and weldability, positive ash corrosion and oxidation resistance, allowing 

reduced wall thickness. One of the most used is INCONEL alloy 740H (UNS N07740) 

(DeBarbadillo et al., 2018), firstly studied and developed for advanced ultra-supercritical steam 

boilers, characterized by conditions similar to the sCO2 cycle (Holcomb, Carney and Doğan, 2016), 

so that recently it has been studied for this application, too. The interest in 740H has increased 

when technology improvements allow to work at HTF temperatures above 700 °C: on such 

situations, ferritic stainless steel cannot be employed and austenitic stainless steel reduce their 

resistance, resulting in unfeasible thick walls, as well as solid solution strengthened Ni-based 

alloys, such as 800HT, 617 or 230. INCONEL alloy 740H is the first age-hardened alloy for 

pressurized elements construction, showing incredibly superior stress resistance, as shown in 
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Figure 3.2 (DeBarbadillo et al., 2018). But, up to date, only small-scale lab tests have been 

presented and a full operating system has not been developed, yet. 

 

Figure 3.2: ASME maximum stresses for alloys 740H, 617, 800H (DeBarbadillo et al., 2018) 



 

 

 

45 

 

4. METHODOLOGY AND 

APPROACH 

The focal point of this study is finding an efficient power plant characterized by reduced footprint 

and emissions, which can supply the base-load using a renewable energy source and, most 

importantly, avoiding the adoption of fossil fuels. A fundamental property of the aforementioned 

power plant must be the capability to produce dispatchable electric energy and to meet the 

demand even when the energy source is inaccessible or too low to be exploited, which is a common 

and recurring issue connected with the employment of renewables. As a matter of fact, the feature 

which all renewable technologies have in common is the expensive, difficult and non-ecological 

storage system, based on accumulating electricity on batteries. All these reasons have represented 

the motivation to choose a CSP plant coupled with a recompression supercritical carbon dioxide 

cycle as object of this study. The recompression layout is the best compromise between number 

and dimension of components and efficiency: it allows a satisfying thermal recover employing the 

traditional components, so that the footprint and the costs are reduced when compared with 

intercooling or reheat designs, which need additional intermediate heat exchangers. 

Concentrating solar power technology is acclaimed to be the only one enabling the adoption of an 

easy and inexpensive thermal energy storage system, which is more convenient and 

environmentally-friendly than batteries. The receiver consists in the mature molten salt solar 

tower: its design allows a significant high HTF temperature which results in a definitely improved 

plant efficiency. Thanks to the chosen technology, it is easy to incorporate a thermal energy 

storage system. A molten salt, two-tank direct system has been selected, since up to now it is well-

known and used in current operating plants. Plant characteristics are similar to commercially 

operating CSP power plants, with the view of comparing the performances of the studied system 

with the actual state of the art regarding materials and components in order to strongly underline 

its feasibility and concrete construction: starting input data for the solar field constraints are 

taken from “Gemasolar” power plant (Relloso and García, 2015), the only solar plant 

commercially operating with a molten salts TES system, while the power cycle is design based on 

experimental studies about sCO2 cycles (Ahn et al., 2015; Binotti et al., 2017; Wang and He, 2017), 
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taking into account the actual equipment limitations and the connection with the molten salt loop 

that strongly restraints the sCO2 performances. 

4.1 Plant design 

The studied power plant (Figure 4.1) is made up of the solar field, the heat storage system and the 

power block: Ebsilon Professional 13 is used to design it and to simulate its behaviour along a 

discretized time of a day, in different periods of the year. Given the aim of simulating the daily 

behaviour, the system is thought as composed by two different parts: the first one is needed to 

replicate the energy production during the period of the day characterized by the presence of the 

sun, while the second one is used to reproduce the evening and night time. The daily behaviour is 

simulated in a single model, where all the characteristic parameters change as function of the time 

and the period of the year. In order to homogenize the whole system and to simulate the strong 

interdependence of the different parts of the day, switches and controllers are employed. With a 

view to understanding the feasibility and the operation scheme of the plant, the “Time Series” tool 

of Ebsilon is used. After choosing a time span, all the peculiar thermodynamic quantities are 

obtained as function of the time being. So, as an example, the level of the hot storage tank is 

constantly monitored in order to obtain the amount of molten salt that goes in the stock and the 

needed mass flow for the sCO2 cycle to produce the required output. Regarding the produced 

power, the system automatically calculates the mass flow of molten salts and, simultaneously, of 

the sCO2 required to reach the desired rated net power output (NPO) externally chosen. To do 

that, two controllers are used (C1 and C2 in Figure 4.1) which act as link between the molten salt 

loop and sCO2 cycle: in this way, the electrical output can be arbitrary varied and, consequently, 

the mass flow of both fluids changes. In details, the first controller (C1) is the one that, when 

inserting the value of the required net electrical power output (NPO), calculates the necessary 

mass flow of supercritical carbon dioxide; the second one (C2), instead, is the real connection 

between the two plant parts: being applied to the hot side of the heat exchanger (4) which enables 

the transfer of collected heat from the sun by the molten salt to the sCO2, it automatically 

computes the molten salt mass flow necessary to heat the just calculated sCO2 mass flow rate until 

the TIT. The latter controller keeps the outlet temperature of the molten salt constant and equal 

to 376 °C, according to the considered design, in order to allow the correct transfer of the heat 

and to prevent the pinch point problem from occurring, always guarantying the minimum 

temperature difference. 
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Figure 4.1: Plant layout 

The efficiencies of each component and effectiveness for the heat exchangers are summarized in 

Table 4.1, which in turn refers to Figure 4.1, and they are slightly lower than the obtained in 

previous studies (Dunham and Iverson, 2014), in order to obtain safer and more reliable results. 

The effectiveness of the heat exchangers are not given as input, on the contrary of the efficiencies 

and pressure loss, but they are calculated as the ratio between the actual transferred to the 

theoretical maximum heat in case of infinite side. 

Table 4.1: Components efficiency, effectiveness and pressure losses 

Cycle Parameter Value 

ηis_compressors [%] 85.0 

ηmech_compressors [%] 99.0 

ηel_motors [%] 85.0 

ηmech_motors [%] 99.8 

ηis_turbine [%] 88.0 

ηmech_turbine [%] 99.8 

ηgenerator [%] 98.6 

ηis:pumps [%] 80.0 

ηmech_pumps [%] 99.8 

ꜪHTR [%] 96.4 
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ꜪLTR [%] 80.0 

Ꜫcooler [%] 93.8 

Ꜫmain_HEX [%] 98.7 

Ploss_HEXs [bar] 0.05 

4.1.1 Solar field 

The studied system is imagined to be put at a latitude of 30 ° North and longitude 30 ° East, near 

Alexandria and Il Cairo, in Egypt. Referring to Figure 4.1, inserting the latitude and the day of the 

year in the “Sun” component, then the heliostats field (1) works in accordance with the choice. It 

is chosen from the standard given by the software (HEL180_35N_100MWth), but the number of 

the heliostats is modified in order to meet the desired dimensions. The proposed plant is made 

up of a 3,000 heliostats field (1) for a total reflective area of 600,000 m2 focusing the sun radiation 

on a 127 m height tower (2) equipped with a tubular molten salt receiver of an aperture area equal 

to 247 m2. Here the Solar Salt, composed by, in weight, 60 % of sodium nitrate (NaNO3) and 40 

% potassium nitrate (KNO3), is heated up. Through a “General input value”, the software is 

prompted to run with this material. As a matter of fact, the tower characteristics strongly affect 

the following power block properties and efficiency: the higher the HTF temperature at the 

receiver outlet, the higher the temperature reached by sCO2 before entering the turbine. Then, 

enabling a bigger expansion ratio, the power block efficiency is improved. But, on the other hand, 

with the current technology of molten salt tubular receiver adopted for this project, increasing the 

receiver outlet temperature will result in a diminished tower efficiency due to the higher losses. 

Furthermore, to prevent pipes and tanks from Solar salt corrosion, the maximum temperature is 

set equal to 565 °C. 

4.1.2 Heat storage system 

Given the dimension of the plant due to the required power output, the active storage system 

represents the best choice, as explained in section Receiver technology. In fact, long pipes and 

HTF viscosity cause pressure losses and, during the charging and discharging processes, pumps 

are needed to circulate the fluid, especially due to its viscosity. Two-tank direct system is selected: 

the heat fluid circulating and heated up in the solar tower is the same that performs the storage 

role, too. This is another motivation which pushes towards the exploitation of molten salts: they 

have a high volumetric heat capacity, so the tanks are compact, and high heat transfer coefficient, 

but the thermal conductivity is low and the resulting exchange process is moderately efficient. 

Consequentially they are suited to perform both the tower HTF and the TES HTF roles. 

Unfortunately, their viscosity is considerably high as well as the pumping work needed. 
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Solar Salt maximum allowable temperature range is between 565 °C, due to containing material 

corrosion, and 290 °C, to prevent the fluid from freezing. To ensure these constraints, as depicted 

in Figure 4.1, at the tower outlet two controllers are applied on the molten salt loop. The first one 

(C3) is activated when the temperature is equal to the lower limit and, thanks to a switch (S1), it 

sends the molten salt mass flow back in the solar tower, so that in the loop there is no circulating 

mass flow, otherwise it would be frozen. The latter (C4), besides, avoids the circulation of an 

unstable fluid with a too high temperature, keeping the limit at 565 °C. Even if recently numerous 

different molten salts compounds are under investigations by virtue of their wider range of 

application (see section Advanced material for sCO2 power cycle application), in order to assess 

a power plant that could operate commercially today, in the actual state of the art, the standard 

and well-developed Solar Salt has been chosen. The heated Solar Salt, depending on the time of 

the year and of the day, goes in the hot storage tank (3) and to the heat exchanger (4), through the 

pump (6), that connects the molten salt loop to the power cycle where CO2 reaches and overcomes 

its critical condition, before entering the turbine (TB). The molten salt, after realizing heat, is sent 

to the cold storage tank (5), where the lowest allowed temperature equal to 290 °C is specified, 

and then it is pumped (7) back to the solar tower (2), closing the loop. Given the intense conditions 

and the dimensions of the plant, pumps are needed in the molten salt loop, as already proved by 

(Alva, Lin and Fang, 2018). The first advantage offered by the selected configuration clearly 

appears: the utilized tanks are compact. Indeed, the lowered dimensions are an explicit 

consequence of the molten salts high heat capacity that implies a very high energy density. For 

the sake of obtaining realistic results, losses in pipes, especially regarding pressure and heat, are 

taken into consideration using the “Dummy piping” components (D1, D2, D3). 

The crucial key of the developed study is the capability of the plant to supply base-load power and 

to operate 24 hours per day during the entire year, without being switched off because of the 

unavailability of the solar source, apart from the worst case simulated by the “storage Empty” off 

design, described in sub-section 4.3.2 “Storage Empty” off design. This is an assumption made 

with a view to choosing the maximum electric power which guarantees the needful amount of 

stored mass flow in the hot vessel during a normal day operation to generate electricity also during 

the night. However, some days of stop are definitely needed during the year in order to perform 

the scheduled plant maintenance, but they are not considered at this design step because they do 

not happen in the ordinary day operation.  In order to achieve this result, it is crucial to implement 

an HTF loop which, depending on the amount of the available solar radiation and the time of the 

day and year, allows the storing or the direct exploitation of the hot molten salt. In light of this, a 

design condition (full load) has been created, where the rated nominal electrical power is 

produced, and then two different sub-profiles have been realized on top of this main On Design 

configuration: (1) for the daily behaviour, running during the hours characterized by the presence 

of the sun and during the evening and night period and (2) for the worst-case scenario when solar 

radiation is absent and there is no stored hot molten salt anymore. These configurations are 
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needed to properly simulate the most probable cases that can occur during the plant operation 

period: each one is characterized by distinct switches and controllers that in turn are activated 

and deactivated, according to a script suitably developed to such purpose (see section Model 

description). The plant is designed to work without any scheduled stop connected with the 

unavailable sun radiation: in other words, during the normal operation, the output electricity is 

externally selected first in order to obtain, through the controllers C1 and C2 in Figure 4.1, the 

necessary molten salt mass flow rate that will be used and stored, enabling the production even 

during the night. Then, with the aim of maximizing the thermal efficiency, the power output is 

chosen equal to the highest value allowing the complete charge and discharge of the storage tanks. 

Additionally, in order to obtain a more realistic simulation, the “Storage Empty” configuration is 

developed and performed: it takes into account the necessity to switch off the plant when the hot 

storage tank is completely empty and the sun radiation is too weak to produce hot molten salt. 

4.1.3 Power block 

Instead of the commonly used steam Rankine cycle to produce electrical power, in this study the 

advanced recompression closed supercritical CO2 is considered. The choice derives first from the 

compactness and potentially lower costs, thanks to the complete operation above the critical 

conditions (30.98 °C, 7.30 MPa) which leads to a dense fluid and higher efficiency, deriving from 

the superior heat recovery process; secondly from the non-toxicity and less-corrosiveness of CO2, 

that enables the use of smaller components. Again, the software is calculating all parameters 

referring to the sCO2 properties and limitations thanks to a “General input value” where the fluid 

is inserted. In Ebsilon13 Professional, the sCO2 is specified as “REFPROP 1013”: this means that 

the characteristics of the fluid are taken from the database available online (NIST, 2013). As said 

before, this power plant set up has been chosen in the prospective of possible operation with the 

current state of the art. In this view, taking advantage of the experimental studies and the already 

developed technology, the recompression layout is adopted. Indeed, the latter leads to 

comparable or higher efficiencies than the supercritical or superheated steam Rankine cycle, with 

the strong advantage of the reduced components dimensions and the wider pressure ratio range 

of application. So, even if many other configurations are now under experiments, such as with 

intercooling or reheat or split flow in the turbine, the recompression cycle is selected thanks to 

the simple layout and the economic advantages deriving from its compactness (Wang and He, 

2017). As a first attempt, starting from data used in previous studies and in “Gemasolar” power 

plant, the power cycle (Figure 4.1) has been developed with a minimum  pressure equal to 10.0 

MPa (100 bar) inserted through the component P1, a bit higher than the critical one: as 

demonstrated in previous sections, the lowest pressure which maximizes the cycle efficiency is 

not exactly the critical one (Wang and He, 2017). Regarding the inlet turbine pressure, 22 Mpa 

(220 bar) is found to be a value leading to high thermal efficiency. The cycle maximum pressure 

is slightly higher, 220.8 bar, since pressure losses are always present in power plants and taken 
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into account in the heat exchangers and pipes. This pressure range is in accordance with previous 

studies regarding the sCO2 power cycle (Ahn et al., 2015; Binotti et al., 2017; Wang and He, 2017), 

highlighting once again the real possibility of having this plant in operation. The minimum 

temperature of the cycle in the design condition has been set to 35 °C (set by the component T1 in 

Figure 4.1) in consideration of the opportunity of making the hot water from the cooler (PC) 

interesting for a possible CHP configuration. This is the main reason why the wet cooling system 

is chosen, in addition to the higher efficiency that it provides. In this way, the outlet temperature 

of the water, in the cold side of the cooler, can be used for building heating purposes, being in the 

range between 20 °C and 100 °C (Alva, Lin and Fang, 2018). Considering the Heat Utilization 

Factor (HUF), defined as the ratio of the sum of the net power output and the useful heat to the 

heat consumption, it is clear that the thermal energy from the sun is better exploited: in the design 

condition, the thermal efficiency is about 33.4% at a net power output of 45 MWel, while the HUF 

is around 94%, in accordance with (Moroz, L., Burlaka, M. and Rudenko, O., September, 9-10.). 

Nevertheless, the main output of the plant is considered to be the electricity and the thermal 

power is regarded as a secondary advantage that the developed system offers. In this experiment, 

the turbine inlet temperature is set to 525 °C through the component T2 in Figure 4.1, even if it is 

well known that the higher it is, the better the efficiency. This is a strong penalization of the 

performances but, as already explained, the analysed plant is thought to operate with the current 

commercial technologies. Moreover, changing one single parameter in the cycle greatly affects the 

behaviour of the whole system, so it is not allowed to arbitrary change a physical value without 

considering the consequences on the plant output performances, including the molten salt loop, 

too. For example, once the maximum Solar Salt temperature is fixed to 565 °C due to possible 

corrosion, the pinch point problem will surely occur if the TIT is increased more than 560 °C: this 

is the main reason penalizing the thermal efficiency of the analysed plant, equal to 33.4 % in the 

design condition. 

One of the biggest problems related with the sCO2 cycle is the deep change of the specific heat 

capacity near the critical pressure: in this case, it depends on the temperature as well as the 

pressure. For this reason, the regenerators (recuperators) are very critical components and the 

split ratio χ is a crucial parameter to be able to obtain maximum efficiency and avoid the so-called 

“pinch point problem”. It occurs when the minimum temperature difference between the hot and 

the cold stream in the heat exchanger is violated. As already explained in sub-section 2.4.3 Closed 

supercritical CO2 cycle, when the working fluid is supercritical carbon dioxide, the pinch point 

can be disrespected also in certain regions within the heat exchanger and not only at the inlet or 

outlet of the component, as depicted in Figure 4.2 (Ladislav et al., 2016). A possible solution is to 

split the flow, so that the smaller mass flow of fluid characterized by a higher specific heat capacity 

in the cold high-pressure side is well matched with the bigger mass flow of low specific heat 

capacity fluid of the hot low-pressure side. The optimal split ratio χ in the first attempt power 

cycle is found to be equal to 0.699: looking at Figure 4.1, this means that almost 70 % of the total 
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flow is first cooled down by the component PC and then compressed near the critical point in the 

main compressor (MC) until the maximum pressure, while the other 30 % is directly compressed 

by RC to the maximum cycle pressure. The two flows mix before entering the heat exchanger (4) 

which performs the link between the Solar Salt loop and sCO2 cycle. In the latter component, the 

energy balance and the pinch point problem as well are two crucial issues: all possible efforts are 

done with the purpose of transferring to the sCO2 all the heat collected by the molten salt, so that 

the power cycle is as efficient as possible. But, since the sCO2 has already been heated up in the 

recuperators, first in the LTR and then in the HTR, it enters the heat exchanger (4) with a quite 

high temperature. For this reason, the outlet molten salt temperature cannot be too low to respect 

the pinch point and it is constrained by the controller C2 that, as already explained in section 4.1.2 

Heat storage system, calculates its required mass flow, too. 

 

Figure 4.2: Pinch point occurrence in a sCO2 heat exchanger (Ladislav et al., 2016) 

4.1.4 Split ratio, TIT and thermal input vs thermal efficiency 

The split ratio (χ) is generally defined as the ratio of the main compressor mass flow to the total 

mass flow. Mathematically, a split ratio equals to 1 indicates that the total fluid mass flow is going 

to the main compressor, avoiding the re-compressor, while 0 splitting means that no mass flow is 

cooled down, which is impossible in thermodynamics terms because, in order to have stable 

operations, heat must be rejected to the environment. Since it determines the amount of fluid 

passing through the cooler and through the re-compressor, it has an important effect on the 

efficiency: the heat recuperation process depends on the matching of the flows with different 

specific heat capacity and mass flow. When it is too low, the cooling process is insufficient, and 

heat is accumulated in the cycle: the re-compressor is forced to deal with a hotter stream and the 

compression work is increased, and the turbine has to produce a larger output which can be 

reached only through a larger thermal input. Surely, the thermal efficiency is penalised. On the 

contrary, when the split ratio approaches the unity value, advantages of recompression layout are 
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eliminated, and the thermal efficiency strongly decreases. So, there is an optimum value which 

minimizes the required thermal input to reach the given TIT and maximizes the thermal 

efficiency. However, it is worth to underline that these parameters are intrinsically bounded: they 

have to be changed together in order to find the optimum point of operation (Luu et al., 2017). 

Before performing the sensitivity analysis, a first cycle attempt is simulated with a TIT equal to 

525 °C and the best split ratio results to be 0.699, with minimum and maximum operating 

pressure respectively equal to 100 bar and 220 bar. 

One of the pursued objectives of this study is the flexibility of the plant: the inserted controllers 

enable plant to operate at different power outputs, with the consequent automatic calculation of 

the molten salt and sCO2 mass flow rate. However, the turbine inlet temperature is fixed, in order 

not to violate the actual material components limitation and to avoid the occurrence of the pinch 

point problem. The heat source is time-dependent whilst the power output is imposed by the user, 

so the resulting calculated mass flow rates are not optimal, they just make the cycle run and 

produce the externally required energy. For these reasons, it is not possible to fully optimize the 

plant since the best split ratio value strongly depends on the turbine output and on the circulating 

mass flow rate: in other words, given the required output to be obtained, without acting on the 

thermal input nor on the TIT, one value of the split ratio exists that enables the minimum thermal 

input and the maximum thermal efficiency. In this case, as a first attempt, a splitting ratio of 

0.699 is found to optimize the plant operation with a net power of around 35 MWel during summer 

and 25 MWel during winter, at a TIT of 525 °C. The required output is absolutely demanding and 

ambitious: it is the maximum value which enables the system to operate during the whole day, in 

the sense that the plant generates enough hot molten salt to directly produce electrical energy 

during the day and to use the stored mass flow to supply the high demand also during the hours 

of absent sun radiation. In consequence of the pushed and stressed required performances 

connected with fixed non-optimized thermodynamic conditions, such as limited maximum 

temperature and narrow pressure ratio, the system thermal efficiency results almost equal to 33 

%. From Figure 4.3 (Dunham and Iverson, 2014), it is clear that the studied cycle has a lower 

thermal efficiency than the one found for the same layout with the same thermodynamic 

parameters (TIT=525 °C, Pmax=220 MPa, wet cooling), but without all the constraints used to 

reach the necessary plant flexibility. This is due to the fact that all the chosen thermodynamic 

quantities are not optimized to maximize the efficiency, but they are a compromise between 

thermal efficiency and flexibility and whole-day plant operation. For clarification, during winter 

the solar field concentrates the sun radiation on the tower from 8 am to 17 pm. For the remaining 

hours, 25 MW of net electrical power are continuously produced to supply the demand. However, 

it is interesting to notice the big difference in the efficiency as function of the pressure, especially 

10 MPa, 20 MPa and 30 MPa. In particular, at a maximum pressure of 10 MPa, only a small 

amount of the fluid at the compressor inlet is the supercritical region, so the advantages are not 
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gained. Increasing the pressure, the fluid becomes totally supercritical and its properties can be 

fully exploited. 

 

Figure 4.3: Thermal efficiency of sCO2 cycle as function of the maximum pressure and temperature 

(Dunham and Iverson, 2014) 

4.2 Sensitivity analysis 

The described cycle is designed with operation conditions based on literature review, in order to 

obtain a realistic and feasible system. The software Ebsilon Professional 13 offers the possibility 

to make it work with dedicated script, written in Pascal language. Taking advantage of this 

opportunity, on-purpose scripts are created which, in turn, generate different sub-profiles where 

some operating conditions are changed. In this way, the response of the system is studied as 

function of the parameters variation. At the design step considered in this project, the dynamic of 

the components is not considered: the system is studied as a series of steady-state conditions. 

4.2.1 Design optimization 

The described model leads to 33.4% thermal efficiency at design condition. This value is lower 

than the one found in experimental studies (Dunham and Iverson, 2014), since during the plant 

development flexibility and whole day operation have been the most important features to be 

satisfied. After the first attempt, which shows feasible performance and results, the cycle is 

optimised using a sensitivity analysis. Hence, the main aim is to improve the thermal efficiency 

while taking into consideration the current state of the art and technological limitations, i.e. 

materials that could withstand the cycle maximum pressure and temperature stresses. A first 

group of sensitivity analysis is conducted aiming to find the proper range of variation for each 

parameter, in order to obtain physically meaningful results for the whole day operation: starting 

from values of the first attempt cycle, one single parameter is varied keeping the others constant. 
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Then, a unique analysis is carried out varying parameters simultaneously in the just founded 

values interval. This is necessary since the best efficiency does not depend only on one single 

thermodynamic quantity, but it is extremely affected by the combination of variable parameters. 

The sensitivity analysis is carried out taking advantage of the possibility offered by Ebsilon 

Professional 13 to create sub-profiles, starting from the design profile. The examined 

thermodynamic quantities are: 

1. the turbine inlet temperature; 

2. the minimum cycle pressure; 

3. the turbine inlet pressure; 

4. the split ratio. 

The sCO2 mass flow is still calculated by the software through the power output controller in 

order not to lose flexibility. At the beginning, a script has been written with the aim of creating 

different sub-configurations, each one characterized by a change in a single parameter, the one 

whose influence is to be investigated, while all others are kept constant and equal to the values 

used in the first trial cycle. After finding the proper range of variation for each quantity, another 

on-purpose script has been written to create sub-configurations characterized by the change of 

all the four parameters. It is fundamental to highlight that all the previously discussed 

constraints which enable the plant operation during the whole day and the entire year are still 

present and, consequently, affect the thermal efficiency. First, the maximum Solar Salt 

temperature fixed at 565 °C prevents the sCO2 from working at higher temperatures, which are 

needed to reach improved efficiencies. In fact, in a heat exchanger fixing the inlet temperature 

of the hot fluid means limiting the outlet temperature of the second fluid, in order to respect the 

minimum temperature difference. Secondly, the actual material limitations impose a maximum 

pressure at which the cycle could operate that has to be respected in order not to exceed the 

allowable pipes stresses. In addition, the controllers used to calculate the circulating mass flow 

rates based on temperature and required power output contribute to restrict even more the 

thermodynamically feasible range of variation for the tested parameters, summarized in Table 

4.2: range of variation for 4-parameter sensitivity analysis. For the sake of understanding, a TIT 

of 600 °C is studied even if errors due to pinch point violation is expected. 

Table 4.2: range of variation for 4-parameter sensitivity analysis 

Parameter Minimum value Maximum value 

Minimum pressure 

[bar] 
95 105 

Maximum pressure 200 300 
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[bar] 

Turbine inlet temperature 

[°C] 
500 600 

Split ratio 

[-] 
0.65 0.75 

 

All the imposed restrictions limit the system from operating at high efficiencies, even after 

performing the sensitivity analysis: the maximum optimum is 35.7 %, reached at 550 °C TIT, 

minimum and maximum cycle pressures respectively 95 bar and 280 bar and 0.75 as splitting. In 

this case, increasing the net electrical power up to 45 MWel and the TIT until 560 °C, with an 

approaching temperature difference of only 5 °C in the heat exchanger (component (4) in Figure 

4.1) connecting the solar and the power cycles, which is an extreme and risky condition, the 

thermal efficiency reaches values of around 36.5 %. An important remark is the fact that the 

maximum efficiency is not reached with the maximum pressure (300 bar in this analysis): this 

result can be justified with the relatively low employed TIT which does not enable improved 

performances when coupled with an increased inlet turbine pressure. With maximum pressure in 

the range of 200 bar and 220 bar, the energy balance in the main heat exchanger (4) is very luckily 

to be violated, as well as the pinch point. The selected data set for input values is validated by 

recent experimental studies (Holcomb, Carney and Doğan, 2016) about the current materials 

used for sCO2 power cycle components, as shown in Table 4.3, where it is underlined that the 

turbine inlet temperature could be further increased to obtain improved performances, but the 

examined cycle is strictly limited by the Solar Salt maximum allowable temperature equal to 565 

°C. 

Table 4.3: Representative temperatures and pressures of components in sCO2 power cycles (Holcomb, 

Carney and Doğan, 2016) 

Cycle Component Inlet T [°C] Inlet P [bar] Outlet T [°C] Outlet P [bar] 

 Heater 450–535 10–100 650–750 10-100 

Indirect Turbine 650–750 200–300 550–650 80–100 

 HX 550–650 80–100 100–200 80–100 

 Heater 750 200–300 1150 200–300 

Direct Turbine 1150 200–300 800 30-80 
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 HX 800 30 – 80 100 30 - 80 

 

In conclusion, after accepting the reduced performances of the power cycle, referring again to 

Figure 4.3, due to the applied constraints with the view to enhancing the plant flexibility, the 

design configuration is chosen to be the one allowing a thermal efficiency of 36.5 %, with a net 

electric power output of 45 MW, reached through a TIT of 560 °C, a splitting of 0.75 and a 

maximum and minimum pressure respectively equal to 280 and 95 bar. This represents the 

starting point for the subsequent analysis of the plant. Considering the whole system efficiency, it 

is clear that, with the current state of the art, the turbine inlet temperature is a key parameter 

since its increasing affects positively the power cycle efficiency, as already shown in Figure 4.3, 

but strongly penalises the receiver efficiency. In fact, the employed tubular receiver shows higher 

losses with higher operating temperatures. In this view, Figure 4.4 (Dunham and Iverson, 2014) 

highlights the contrasting role of the maximum cycle temperature. Additionally, the reached 

efficiency equal to 36.5 % is absolutely in line with the expectations and the previous studies 

results obtained with the same thermodynamic parameters (Figure 4.4 (Dunham and Iverson, 

2014)). 

 

 

Figure 4.4: System efficiency for different cycles assuming 30 MPa as maximum pressure, wet cooling 

(Dunham and Iverson, 2014) 

4.2.2 Flexible plant operation 

After the group of sensitivity analysis made with a view to optimizing the plant and to enhancing 

the thermal efficiency, further sensitivities are conducted in order to fully exploit the flexibility of 

the designed system. Starting from the optimum condition, it is wanted to understand how the 

cycle reacts to the change in the required power output, in case this is decreased and increased. 

Hence, a script is written which creates sub-profiles with the same optimized thermodynamic 
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parameters, varying only the required output. In this case, the analysis is not done changing all 

the affecting parameters simultaneously, as previously done, even if it is well-known that they are 

interdependent and act together on the plant behaviour and efficiency. On the contrary, it is 

intentionally chosen to start from the cycle optimized for 45 MWel in the design operation, to 

select its thermodynamic feature as the standard for the plant, and then to study how the variation 

of the required output affects the installed plant, whose parameters have already been designated. 

The main result is that the thermal efficiency is improved by increasing of the demand until 45 

MWel, after which the thermal efficiency stays quite constant. This is an expected result, since the 

analysis is performed on a cycle optimized to reach exactly 45 MWel. This analysis is necessary to 

understand how the plant reacts to a sudden increasing or decreasing of the demand, which is not 

the ordinary daily operation. Obviously, if more power is required, the necessary sCO2 and molten 

salt flow rates increase, since the temperatures are fixed, the solar field has already been selected 

and it produces the same HTF flow rate. The needful flow rates are automatically calculated by 

the inserted controllers (see the following sub-section 4.3.1 “Daily behaviour” off design for the 

details), so the software is able to compute all the new quantities as function of the changed 

required output. As a consequence, if the demand increases during the “Day” hours, when the hot 

tank is accumulating, it will not be able to store all the mass flow that is needed to supply the rated 

power during the night, because a considerable part of the amount that would be stored is instead 

used to supply the higher power. Given the fact that it is strongly wanted to prevent the plant from 

being switched off in order to avoid the transitory of the components, one feasible solution could 

be supplying a lower amount of electric power for a short time interval in order to compensate the 

previous higher demand. Flexibility of the proposed plant allows this type of regulation. Of course, 

also increasing and decreasing the power output all the components will run in a non-optimal 

situation and will experience a transitory operation, but qualitatively the effects will be for sure 

less influent than the ones caused by the complete plant shut down. The dynamic of the 

components is not studied at this design point, but the system is viewed as a succession of steady-

state conditions. If during the “Day” hours the demand is decreases, the abundant mass flow of 

produced Solar Salt could be stored in the hot tank, since it is designed bigger in order to have a 

safety margin. In is imagined that in any case the increasing and decreasing of the demand will 

compensate. Concurrently, if the regulation is needed during the night, a higher demand implies 

the usage a larger amount of the stored molten salt, that has to be compensated by a subsequent 

decreasing in the produced power; if the demand is lowered, the unused molten salt mass flow 

can be kept in the hot tank, thanks again to the safety margin of the component. The allowable 

regulation ranges from 10 MWel to 60 MWel, after which the necessary water flow rate is larger 

than 400 kg/s. It is fundamental to underline object of this analysis is not the dynamic and the 

transitory study, but the demonstration that the inserted controllers and the on-purpose written 

scripts allow the plant to adapt and to operate in different conditions only by changing the 
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demand. Then, a dynamic analysis is absolutely necessary to assess the feasibility of these 

changes, but it is not object of this project. 

4.3 Model description 

The simulation is performed starting from the design condition, at midday on the 21st of June, 

during the summer solstice, when the sun radiation and the produced molten salt mass flow are 

maximum. Then, with the purpose of simulating a 24-h daily behaviour, the design condition is 

replicated in two models, each characterized by a particular Off-Design (OD) condition: (a) for 

the daily operation, accounting for the charge and discharge of the tanks; and (b) for the case of 

absent radiation, having the molten salt storage empty at the same time. So, each model is made 

up of: 

1. the design condition, which is common for all models and gives the same results; 

2. a peculiar OD working in accordance with a special on-purpose written script. 

In this way, the software is being informed if accumulating is necessary or whether the hot molten 

salt has to be used directly to produce sCO2 and in turn electrical power or, further, if the molten 

salt from the hot tank has to be used and hot tank has to be emptied when the sun radiation is 

absent. The OD sub-profile is required to perform the Time Series calculation, where the time is 

discretized (t) and all the parameters are calculated in a one-hour time interval, having the 

conditions of the previous one (t-1) as input. 

4.3.1 “Daily behaviour” off design 

In order to perform the Time Series calculation and to analyse the amount of molten salts that the 

power plant can store in the hot tank during the hours of maximum radiation and how this is 

discharged during the evening and the night, the “Daily behaviour” off design profile is created. 

Hence, it performs the ordinary operation of the plant during an entire day. Figure 4.5 represents 

the initial time for the “Day”, which is the period characterized by the presence of the sun, while 

Figure 4.6 shows the state of the plant in the first hour of the “Evening”, when the sun does no 

longer heat the molten salt. For the sake of clearness, the two periods of the day are described 

separately, even if they are both obtained in the same model in order to perform a homogenous 

and continuous simulation. 

During the “Day”, the amount of hot molten salt produced by the solar field is larger than the mass 

flow required to produce the rated electrical power: the abundant mass flow is accumulated in the 

hot tank (3), which is empty at the initial time. The stored solar salt is then used during the 

evening and the night, when the sun radiation starts decreasing and becomes absent. Since this 

simulation is performed during the presence of the sun, the mass flow needed to produce the 

nominal power (NPO) has to be calculated. Indeed, despite the fact that this profile runs starting 
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from the early morning, the large installed solar field allows to activate the accumulation process 

in the very early hours of solar radiation. This is a consequence of the first aim of the proposed 

plant: to supply always the rated power, chosen as the maximum allowable by the selected system 

configuration. During the “Day” hours, the Solar Salt is accumulated in the hot tank (3), while the 

cold vessel (5) is emptied in order to always respect the mass balance of the solar tower component 

(2). In fact, the outlet tower mass flow of salt is larger than the one needed to release heat, so the 

mass flow entering the cold tank is lower than the amount at the outlet and it results in unloaded 

condition, in conformity with what was expected. In accordance to the developed set up, the 

circulating mass flow rates are computed based on the temperature for the correct heat transfer 

process and the power output. First, the sCO2 amount is calculated, based on the NPO externally 

chosen. Then, on both sides of the main heat exchanger (4), which links the storage and the power 

loop, the controller C2 acting on the outlet molten salt temperature is activated in order to 

maintain its temperature equal to 376 °C. In this way, after obtaining the necessary mass flow of 

sCO2 to generate the electrical power through the controller C1, the solar salt amount that avoids 

the violation of the pinch point is calculated by the second controller. Hence, two objectives are 

pursued simultaneously: the correct heat transfer process between the solar salt and the power 

cycle is ensured and, in the same time, the indispensable amount of molten salt is calculated. In 

line with the chosen methodology, the “Daily behaviour” configuration has to replicate the best 

and optimised conditions at midday: in fact, the turbine and main compressor inlet temperature 

and pressure at 12:00 are the same as the design configuration. However, in order to run the Time 

Series and observe the plant behaviour changing with time, an OD configuration is required by 

the software. Regarding the power cycle, contrary to what happens in the design condition, in this 

case it is not possible to set the enthalpy at the inlet of the turbine and the main compressor by 

giving temperatures and pressures as input: the pressure is still given as an input value by the 

component P1, but the temperature is calculated by the software and both the components T1 and 

T2 are deactivated. Since it is a closed cycle, the temperature distribution cannot be known a priori 

and has to be calculated in the simulation depending on the heat exchange process. Therefore, a 

fictitious controller C5 is inserted before the turbine, which is deactivated in the design case, to 

ensure the calculation of the enthalpy taking into account the common pipe losses. Notice that C5 

in the OD configurations becomes purple, while in the design condition, it is white. Its connection 

lines are placed on both side of a separator, activated again only in OD, that allows a slightly 

change of enthalpy values and makes it converge. In the OD configuration, at midday of the 21st 

of June, the calculated enthalpy results are exactly equal to the obtained one in the design. These 

results are in line with the expectations. 
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Figure 4.5: "Day" configuration 

The “Evening” (Figure 4.6) starts to operate after the last hour of the “Day”, that is the last hour 

characterized by the presence of the sun. Since they are performed in the same model, “Evening” 

and “Day” are consistent where the starting data set for the “Evening” simulation is exactly the 

output of the last hour of the “Day”. To better explain, during summer the hot storage tank (3) is 

around 90 % full after the “Day” hours, not completely full in order to have a safety margin, so at 

the initial hour of “Evening” there is exactly this amount of molten salt in the hot vessel. This is 

just to remind that the two parts, “Day” and “Evening”, are not separated, but they are performed 

in the same cycle. They are separately described for the sake of clearness and simplicity. During 

summer, the molten salt mass flow stored in the hot tank is sufficient to satisfy the rated demand 

of 45 MW for all the night, until 6 in the morning. At this time, the hot storage tank is empty and 

the heliostats (1) begin to reflect the direct solar radiation to the receiver (2), where solar salt is 

heated up and one part goes into the hot tank (3), which starts to be filled up again, and the 

majority of the mass flow goes directly to the heat exchanger (4) in order to make sCO2 produce 

the rated power. During winter, this shift occurs at 8 am, since the sun radiation is weaker than 

in the summer case. An important feature of the “Evening” is the activated component “Value 

transmitter”, the switch S1 in Figure 4.6, just after the tower (2): it prevents the system from 

operating when the temperature is equal to or less than 290 °C, which is the freezing point of the 

Solar Salt. In this way, when the radiation is weak, typical condition during the evening and night 

hours, the small mass flow of molten salt characterized by a low temperature is sent back to the 

tower to respect the mass balance of this component and, in the same time, to avoid the circulation 

of a freezing fluid in the pipes of the system. Hence during the “Evening”, the mass flow before 

the hot storage tank is null, while after it there is a constant flowing of the fluid which empties the 

hot vessel and heats the sCO2. Accordingly, before the cold storage tank (5) there is the same flow, 

while after the container it is null, to always balance the mass on the input and output of the tower. 

So, during the evening and night hours, the hot storage tank is emptied while the cold one is filled 
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up, whilst the opposite happens during the “Day” hours. The produced Solar Salt mass flow by the 

heliostats, as already mentioned, is directly sent back to the tower by the switch S1 without 

circulating, because of its low temperature. 

 

Figure 4.6: "Evening" configuration 

4.3.2 “Storage Empty” off design 

“Storage Empty” configuration (Figure 4.7) is necessary to simulate the worst-case scenario: it 

occurs when the hot storage tank is empty and the sun radiation is too weak to produce the molten 

salt with the required features to transfer thermal energy. In this case, the amount of molten salt 

has a too low temperature and it could freeze inside the pipes. Hence, in this configuration the 

“Value Transmitter” S1 after the solar tower is activated: when the temperature goes below 290 

°C, which is the freezing limit for the used Solar Salt, it prevents all the molten salt mass flow from 

circulating in the loop. Obviously, as a direct consequence, in the power cycle no output is 

produced, since the heat in the heat exchanger (4) is unavailable and the sCO2 is hindered from 

reaching the needed supercritical conditions. For this reason, the controller C1 which allows to 

choose the electrical power and then calculates automatically the fluids mass flow is switched off 

(it is white in this configuration). Additionally, the pressure input P1 is deactivated because there 

is no circulating mass flow, while temperatures in T1 and T2 are given since they are required by 

the software to  calculate all the cycle thermodynamic parameters without errors. As in the 

“Evening” configuration, the switch S1 plays the key role of avoiding the circulation of a freezing 

fluid: indeed, the “Storage Empty” set up performs not only the case of the night hours, when the 

sun is absent, but also all that situations characterized by a powerless sun radiation which is not 

able to heat the molten salt over 290 °C. The fundamental difference between the aforementioned 

configurations is the level of the hot storage tank, that at the beginning of the “Evening” 

simulation is full, while in the “Storage Empty” it is completely vacant and hence it is uncapable 
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of suppling the amount of molten salt to power the cycle. This configuration is used to simulate 

the unlucky event which urges to switch off the plant. 

 

Figure 4.7: "Storage Empty" off design configuration 

4.4 Seasonal and daily behavior 

The studied plant is able to supply electrical energy for the entire year. Correspondingly, the 

output is function of the sun radiation and, as a consequence, depends on the time of the day and 

the period of the year. The whole system is designed to be as flexible as possible: the net electrical 

power is allowed to be externally chosen and regulated and, hence, it is changed with time. For 

this reason, different days of the year are simulated and analysed separately as example for the 

summer and winter seasons. The key objective is to obtain the maximum net electrical power 

output with the given sun radiation, ensuring an efficiency of about 33-36 %, and simultaneously 

to regularly provide the necessary amount of molten salt in the hot storage tank which enables 

the generation of the rated power also when the sun is absent. In fact, the production of 

dispatchable electrical energy is the main feature which makes CSP technology competitive and 

profitable, especially when coupled with a TES system, as in the proposed plant. 

4.4.1 Summer 

The design configuration represents the best operational status of the system and it is reasonably 

chosen to be at 12:00 on the 21st of June, during the summer solstice, when the sun radiation is 

maximum. The nominal power is 45 MWel net, which is a larger output than the nominal one of 

“Gemasolar” (20 MWel net), and the configuration under consideration is the optimized one 

discussed in section Sensitivity analysis. During summer, the “Day” starts at 6:00 am and ends at 

19:00 pm. The time interval is not arbitrary chosen, but it is reasonably selected observing the 

results obtained through the time series of the “Daily behaviour” off design: until 5:00 am, the 
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sun is absent and no molten salt mass flow is produced, but starting from 6:00 am the heliostats 

begin to concentrate the sun radiation on the receiver tower, where a larger hot Solar Salt mass 

flow than the amount required to produce the nominal power is produced. For this reason, the 

“Daily behaviour” off design starts at 6:00 am with an empty hot tank that would be filled during 

the successive hours. In particular, at 6 am the molten salt mass flow is around 438 kg/s, while 

the amount required for electricity is approximately 374 kg/s. The difference in these values is the 

stored amount that will be used during the night. At 7:00 pm, the hot storage tank level reaches 

its maximum value of around 90 %, with a 10 % chosen as safety margin, and starts to decrease: 

the “Evening” period begins with an initial value of 90 % for the hot storage tank and all the stored 

amount is used to heat the sCO2 working fluid to produce the nominal power of 45 MWel. 

Performing the time series, it is noticed that the stored Solar Salt is enough to continuously supply 

the necessary heat until 6 am, when the sun rises, the radiation is again captured by the heliostats 

field and the operation of the plant is simulated switching to “Day” hours. The resulting thermal 

efficiency is always almost around 36.5 %. 

4.4.2 Winter 

Starting from the considerations made in the sub-section 4.1.2 Heat storage system, in order to 

achieve a flexible plant which allows the whole-day operation, the maximum electrical power 

output is chosen as function of the molten salt mass flow rate which is accumulated during the 

day and discharged during the evening and the night, ensuring a continuous power generation. 

For the winter case, the maximum allowable power output that provides the whole-day operation 

of the plant is equal to 35 MWel net. It has to be reduced compared to the summer case because 

the available radiation from the sun is lower and at the same time the system is required to 

constantly generate electricity during the day. 35 MWel is the maximum output which allows to 

charge the hot tank enough to supply hot molten salt for the hours of the evening and the night. 

First, the same cycle used for the design during summer is simulated changing in the “Sun” 

component the day and set it to the 21st of January; then, through a series of sensitivity analysis, 

it has been optimized (see section Sensitivity analysis) and a 35 % of thermal efficiency is reached. 

The plant behaviour is the same described for the summer, but in this case the hours characterized 

by the presence of the sun are reduced and the “Day” interval starts at 8:00 am and ends at 17:00. 

Once again, the time interval has been chosen according to the results given by the time series, 

observing when the hot tank level starts to increase and decrease. Given that it is allowed to 

accumulate molten salt for only 9 hours during the day, the output power has to be reduced in 

order to have the possibility of using the less amount of stored molten salts to satisfy the demand 

for the remaining 15 hours, without switching off the plant. This is possible with a maximum of 

35 MWel. 
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4.4.3 Spring and autumn 

The main aim of this project is to obtain a plant able to operate during the whole year, without 

considering at this design step the stops needed for the necessary maintenance. So, also for spring 

and autumn days, the maximum power output which allows the continuous production during 

the day and the night and the correct loading and unloading process of the storage tanks has to 

be found. The procedure is the same discussed for the winter in the previous section and the net 

electrical power output for a typical mid-season day is found equal to 42 MWel. The result is 

obtained through the already discussed sensitivity analysis and time series calculation on the 21st 

of March and 21st September: from both days, for the selected plant at the chosen latitude of 30 ° 

N the outputs are the same. The accumulation process starts at 7:00 and ends at 18:00, so the hot 

storage tank supplies the necessary molten salt flow rate for the remaining 12 hours, when the 

power output is constant and equal to 42 MWel. The time interval for the charging and discharging 

process of the tanks is not arbitrarily chosen, but rationally selected analysing the time series 

calculation results: the accumulation starts when the Solar Salt produced exceeds the needful 

amount to produce the rated power; the hot tank starts to discharge the stored mass flow when 

the field is no longer able to produce hot Solar Salt. The reached efficiency is equal to 36.1 %, 

which undoubtedly is satisfying. 

4.5 High efficiency cycle 

As demonstrated, the thermal efficiency of the examined plant is always ranging almost from 32 

% to 36 %, when the plant is considered to operate for the entire day. The obtained result 

underlines that the potential advantages of the closed supercritical CO2 cycle are not exploited, 

since the efficiency is comparable with the efficiencies reached by typical steam Rankine power 

cycles (Binotti et al., 2017). Indeed, the plant has been developed taking into consideration the 

current state of the art regarding materials and molten salts limitations, so that it could actually 

operate: the turbine inlet temperature is kept constant at 560 °C, the minimum and maximum 

pressures of the power cycle are respectively equal to 95 MPa and 280 MPa, the split ratio is equal 

to 0.75 and the maximum temperature of the HTF at the receiver outlet cannot exceed 565 °C. 

Furthermore, since one of the main objectives of the study is to reach a flexible behaviour, all 

these constraints are strictly necessary in order to allow for whole-day and whole-year the 

operation of the plant, keeping in mind that the availability of the system is not regarded at this 

design step, without scheduling any switching off due to the non-availability of sun radiation, but 

considering only the unlucky event simulated by the “Storage Empty” off design (sub-section 4.3.2 

“Storage Empty” off design). In fact, with the time changing, the sun radiation varies and, 

consequentially, temperatures and pressures distributions differ from the optimum range for 

which the components are set. Hence, compromises must be found, and so the best efficiency 



 

 

 

66 

 

cannot be obtained. Especially regarding the heat exchangers, pinch point problem is likely to 

occur when thermodynamic parameters are strongly changing. 

For the purpose of highlighting and studying the strong advantages given by a recompression 

closed supercritical CO2 cycle, a new configuration is developed and simulated in Ebsilon 

Professional 13. The latter, which this time is considered to be the design profile, consists of a 

typical recompression layout and not integrated with the solar loop, since the software does not 

provide advanced fluids allowing extreme operational state. Indeed, in order to fully exploit the 

properties of the carbon dioxide at supercritical state, a TIT higher than the previous 560 °C is 

required, as well as a higher pressure ratio. Additionally, the heat source is no longer depending 

on the time of the day and the power output is calculated by the software, while in the studied 

plant it is imposed by the user. In this way, constraints are eliminated, and the plant becomes free 

to operate at its maximum efficiency point. With the assumption of allowable operation in an 

intense and severe context, as the one explained in section 3, the solar field and the heat transfer 

system are replaced by a heat exchanger where air transfers the required heat to the sCO2. The 

thermal efficiency, calculated as the ratio between the net electrical power output over the thermal 

input supplied in this case by the hot air, is calculated by varying one parameter over a certain 

range, in order to find the best efficiency point. The sensitivity analysis is carried out thanks to 

the possibility offered by the software to create sub-profiles, starting from the design profile. So, 

as already explained, first, a script has been written with the aim of creating different sub-

configurations, each one characterized by a change in a single parameter. Once again, the studied 

parameters are: 

1. the turbine inlet temperature; 

2. the minimum cycle pressure; 

3. the turbine inlet pressure; 

4. the split ratio. 

Different simulations have shown the less significant impact of the sCO2 mass flow rate compared 

with the just-mentioned thermodynamic parameters, so it has been chosen to keep it constant 

and set to 500 kg/s, the same order of magnitude of the real operating plant that is object of this 

study. This could be explained considering that the enthalpy of the fluid entering the turbine has 

already been examined by considering the TIT (h = m∙cp∙TIT), thus the variation of the 

temperature acts to compensate the modified mass flow rate. In other words, the same fluid 

enthalpy can be obtained either by increasing the mass flow and reducing the TIT or vice versa. 

In the end, it is sufficient to study the effect of only one of these two parameters and therefore TIT 

is selected. The analysed quantities are closely interrelated: the best efficiency point cannot be 

found by just varying one single parameter but through examining all of them simultaneously. In 

this case, the cycle would have more degrees of freedom since the controllers are eliminated and 

the heat source would allow extreme working temperatures, then the impact of the interlinked 
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parameters on the thermal efficiency would be more evident. For this reason, first a sensitivity 

analysis has been carried out to understand the effect of the change in a single physical value, in 

order to have a reasonable range of variation. Then, thanks to another on-purpose script, 81 sub-

profiles have been created, where the lowest cycle pressure, the split ratio, the inlet turbine 

pressure and temperature are changed simultaneously along the previously found range of 

variation, eliminating the values that generate errors since they cause, thermodynamically 

speaking, unfeasible operational conditions. The final outcome is that different combinations of 

the investigated parameters lead to higher efficiencies, in accordance with previous experimental 

studies (Luu et al., 2017). Examples of the inputs and outcomes of the sensitivity analysis are 

shown in Table 4.4 and Table 4.5, where the influence on the system of the combination of the 

bounded quantities is demonstrated. The highest efficiency is 64.15 % and it is reached thanks to 

0.7 as splitting ratio, maximum and minimum pressures respectively at 330 bar and 85 bar and 

at a highest examined TIT of 1500 °C. It is worth to notice that highest efficiencies are obtained 

with a minimum pressure slightly higher than the critical point, in this case it is 85 bar. 

Table 4.4: Sensitivity range of variation 

Parameter Minimum value Maximum value 

Minimum pressure 

[bar] 
75 125 

Maximum pressure 

[bar] 
250 350 

Turbine inlet temperature 

[°C] 
700 1500 

Split ratio 

[-] 
0.15 0.60 

 

Table 4.5: 4-parameters sensitivity results 

Mass 

flow 

[kg/s] 

Split 

ratio 

[-] 

Pmin 

[bar] 

Pmax 

[bar] 

TIT 

[°C] 

Thermal 

input 

[MW] 

Net power 

output 

[MW] 

Thermal 

efficiency 

[%] 

500 0.70 85 330 1500 232.11 148.89 64.15 
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500 0.75 90 340 1500 234.80 149.73 63.77 

500 0.65 85 340 1450 227.27 142.39 62.65 

500 0.65 85 350 1500 236.40 149.88 63.40 

500 0.70 85 330 1450 232.79 147.73 63.29 

500 0.70 90 330 1500 226.56 144.74 63.89 

500 0.70 85 340 1500 235.98 151.31 64.12 
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5. RESULTS 

All the different plant configurations early described, together with time series calculations and 

the various sensitivity analysis, allow the estimation and computation of each parameter typical 

of a solar power plant, with a view to underlining the actual feasibility of the designed plant and 

its convenience when compared with the existing power plants. 

5.1 Sensitivity results 

The necessity to enhance the thermal efficiency without renouncing the plant flexibility and 

always guarantying the actual materials limitations leads to performing a group of sensitivity 

analysis. The examined thermodynamic quantities are: 

1. the minimum cycle pressure; 

2. the turbine inlet pressure; 

3. the turbine inlet temperature; 

4. the split ratio. 

First, the influence of one single parameter on the thermal efficiency is analysed: four appropriate 

script are written, making each quantity vary individually and keeping all the other constant. 

Nevertheless, it is well established that all the thermodynamic properties of the fluid have a 

reciprocal impact and they are strictly linked in a cycle. Accordingly, after finding a feasible range 

of variation for each parameter through the first group of sensitivities, their interdependence is 

studied by means of writing a new dedicated script which makes the software create different sub-

profiles where the four studied parameters vary in their range simultaneously. In particular, 162 

are generated: obviously, some of them runs with errors and the given results are not reliable. For 

instance, the cycle with a TIT equal to 600 °C is simulated, even if it is absolutely expected not to 

obtain a feasible operation. However, there are also sub-profiles characterized by operating 

conditions slightly changed from the first-attempt cycle which give errors, as shown in Table 5.1. 

In sub-profile 1, the energy balance of the cooler is violated. In sub-profile 2, on the other hand, 

problems arise in the heat exchanger connecting the solar loop with the power cycle, where the 
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energy balance is violated and the hot side outlet temperature results lower that the cold side inlet. 

Sub-profile 3 shows the common error for sCO2 cycle, that is the pinch point violation due to the 

change of the fluid specific heat capacity and it will be explained and shown later, in sub-section 

Power cycle Errors are also present with higher pressure ratio, as in the case of sub-profiles 4, 

where the pinch point and the energy balance are violated in the heat exchanger between the solar 

loop and the power cycle, as well as the correct temperature difference between the cold and the 

hot side. The really small difference between the parameters of the cycles correctly running, such 

as the first-attempt and the optimized cycle, and of the cycles giving errors demonstrate the strong 

and deep interference among all the characteristic thermodynamic quantities. 

Table 5.1: Comparison between first-attempt cycle and sub-profiles from sensitivities 

Parameter 

First-

attempt 

cycle 

Sub-

profile 1 

Sub-

profile 2 

Sub-

profile 3 

Sub-

profile 4 

Optimized 

cycle 

pmin 

[bar] 
100 105 95 100 105 95 

pmax 

[bar] 
220 220 210 220 300 280 

TIT 

[°C] 

525 500 550 500 550 560 

Χ 

[-] 
0.699 0.750 0.750 0.700 0.650 0.750 

 

After reaching an operating plant which ensures a thermal efficiency equal to 36.5 %, the time 

series calculation is performed on each typical day that is representative of a particular season. 

Dividing the day in one-hour intervals, each output is studied and analysed so that the plant 

behaviour can be fully understood. 

Once the optimum cycle is selected, the sensitivity analysis to show the plant flexibility is 

performed. The allowable variation for the net power output ranges from 10 MWel to 60 MWel. 

After this value, in fact, the necessary mass flow rate of the cooling water is larger than 400 kg/s. 

Since this analysis is performed with the assumption of studying the reaction of the designed 

system only to the variation of the output, keeping all the other parameters equal to the optimum 

value, it has been decided to stop the sensitivity at 60 MWel. For electricity values higher than 60 
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MWel, the software undergoes the common error of the violation of the energy balance in the 

primary cooler, due to the water mass flow lower than the necessary. 

5.2 Solar loop 

A central role is played by the heliostat field. The one selected for this project is 

HEL180_35N_100MWth and it has the standard features given by Deutsches Zentrum for Luft- 

und Raumfahrt (DLR), but the number of the heliostats has been modified in order to meet the 

desired plant set up and dimension. It shows a higher overall efficiency in winter than in summer 

for the latitude where the plant is installed (30° North). This is due to the fact that the solar field 

is design to better capture the north radiation. Indeed, the overall efficiency is the product of four 

parameters: 

1. reflectivity efficiency, equal to the standard of 0.8841 for all the seasons; it takes into 

account also the soiling; 

2. focus efficiency, always equal to 1 in the designed plant because heliostats are always 

focusing the radiation; 

3. wind efficiency, equal to 1 during the whole year since the most probable wind direction 

is 90° on the heliostats, so it has no impact; 

4. efficiency of the full tracked and cleaned field, which has a different value for each season. 

In fact, the parameter is calculated by the software as a linear interpolation between the 

sun azimuth (ϒ), which is the relative direction of the sun along the local horizon, and the 

sun elevation angles (α), which represents the latitude of the sun, that is the angle 

between the horizon and the centre of the sun (Figure 5.1). These angles are peculiar for 

every considered period of the year. 
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Figure 5.1: Sun azimuth (ϒ) and elevation (α) angles 

To clarify, if the same heliostat field is put at a different latitude, i.e. 60°, the field efficiency will 

be strongly decreased in winter and increased in summer. For the purposes of this project, it is 

accepted to have a higher field efficiency for the given latitude during the winter (0.752), since in 

this period the sun radiation is weaker and can be captured for a maximum of 9 hours per day, so 

efforts are done with a view to fully exploit the low income in order to produce an acceptable 

power during the whole day. On the other hand, during the summer days, the radiation in stronger 

and can be focused on the receiver for 13 hours: hence, even though the lower field efficiency 

(0.675), it is possible to allow the generation of the rated power output, which is higher than the 

one producible in winter (respectively 45 MWel and 35 MWel). It is definitely a compromise and it 

affects the produced molten salt flow rate and the behaviour of the storage in the different seasons. 

From the software, the height of the receiver above the ground is equal to 127 m, so it is reasonable 

to use concrete to build it. The receiver view angle is equal to 180° and it is installed at a latitude 

of 30° N, hence the surrounded distribution of the heliostats is suggested, like in Gemasolar 

project (Figure 2.13). Better efficiencies are obtained through the minimization of the angle 

between the incidence beam on the mirror from the sun and the reflected towards the tower 

Figure 5.2. This angle is function of the height of the tower and of the heliostats position: the 

higher the tower, the smaller the angle; the longer the distance, the higher the angle. 
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Figure 5.2: Solar tower system principle of operation 

Now, it is possible to calculate the Concentration Ratio (CR), defined as the ratio between the 

collecting area and the receiver area. In this way, it is possible to have an idea of the energy 

density. The adopted solar tower technology allows a high CR: indeed, the huge heliostats field 

surrounding the tower, made up of 3,000 mirrors in this project, focuses the solar flux on the 

receiver, whose aperture area is equal to 247 m2. It is calculated by the software as function of the 

chosen heliostat field connected to the solar tower and it is in line with expectations: for example, 

the aperture area of the “Gemasolar” receiver is equal to 270 m2 (sub-section Technology 

Development). The resulting CR of the proposed project is of the order of 2,000, that is an extreme 

condition for the receiver operation. In fact, the adopted tower is equipped with a common tubular 

receiver and it is fundamental not to concentrate the radiation on one single point, but to spread 

it on the total receiver surface, in order not to permanently damage the structure. Additionally, a 

too high CR usually limits the optical accuracy of the heliostats: this is a further explanation of 

the reduced solar field optical efficiency. 

First of all, the level of the hot storage tank is investigated. This is a central and critical component 

on which the operation of the whole plant depends: it allows the generation of electricity even 

during the evening and night hours, since it accumulates the excess molten salt mass flow 

produced during the day. So, it is fundamental to ensure the correct and necessary amount of 

Solar Salt mass flow to be stored that enables the production of the rated power output for all the 

hours of the day. Together with reaching the flexibility and whole-day operation, additional efforts 

are done in order to avoid the switching off and on of the plant during the ordinary operation: in 

fact, each component is characterized by its own inertia and transitory and, thereby, they need a 

transient time to adapt to the new imposed conditions. During that period of time, the entire 

system is not able to work in the optimal conditions for which it is designed: hence, in the ordinary 

operation simulation the possibility to switch off the plant is not contemplated and it is considered 

only in the unfouvarable event described by the “Storage Empty” sub-profile. As already said, only 

the normal daily operation of the plant is considered while designing the system: all the stops 
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related to maintenance are not taken into account at this design step. For these reasons, the level 

of the hot storage tank is constantly monitored and it is ensured that the stocked mass flow is 

always enough to supply the power cycle. In this view, two controllers are used, as already 

explained, which automatically calculate the required sCO2 and Solar Salt mass flow rates that 

exchange the necessary heat to produce the required output power. Concurrently, in the solar 

loop, at the outlet of the solar tower, controllers to fix the maximum and minimum operating 

temperatures, respectively equal to 565 °C and 290 °C, are used and the circulating molten salt 

flow rate is always at 565 °C. In this way, the heat transfer process with the power cycle is correct. 

Thanks to the extensive installed solar field, starting from the sunrise, when the hot storage tank 

is assumed to be empty, the accumulation process begins. As an example, the two opposite 

seasons evolutions are clarified: for the summer, analysing the results obtained through the time 

series, the initial hour of the “Day” is 6:00 am, while for the winter it is 8:00 am. At this time, the 

flow rate of molten salt produced by the tower exceeds the necessary amount required to heat the 

sCO2 and to produce electricity. The excess mass flow is stored in the hot tank. During the whole 

day, the level of the hot storage tank is increasing to the maximum and decreasing to the minimum 

level, which is reached exactly at the time when the solar field is able to produce again molten salt. 

From the time series, regarding the summer, the maximum is reached at 19:00, while during the 

winter the hot tank results full at 17:00. The mismatch between the two seasons is due to the 

different amount of the available sun radiation, that directly impacts on the time when the solar 

field starts to reflect the sun radiation on the receiver, where the molten salt is produced, and on 

when the radiation is too weak to heat the fluid until the needful temperature and the stored 

amount is used. For safety reasons, the exact minimum level is never reached, as well as the 

maximum for which the tank is designed. As an example, the behaviour of the component during 

an ordinary day of the summer season is shown in Figure 5.3, together with the cold tank 

evolution. During the other seasons, the shape of the curve is the same, but the maximum is 

reached earlier, especially in winter (17:00). Moreover, accumulation process is slower in summer 

than in winter, since the incident radiation is available for a longer interval of time, while the 

discharging process is faster because the hours of absent sun radiation are less than in winter. 

Vice versa, the cold storage tank has an opposite behaviour (Figure 5.3): in the early morning, it 

is full and it starts to discharge the amount of cold Solar Salt, which is pumped back to the tower, 

in order to always ensure the mass balance of this component; when the available radiation is 

weak and the hot storage vessel begins the unloading process, it starts to be filled up. The flow 

rate exiting the hot tank is always equal to the one entering the cold vessel, as well as the amount 

entering the hot tank which equals the mass flow exiting the cold one. 
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Figure 5.3: Hot and cold storage tank behaviour 

Regarding the molten salt mass flow produced by the solar field and circulating in the solar loop, 

it is only function of the heliostats features and the incident sun radiation. It is not affected by the 

operation condition of the cycle. Clearly, the influence of the time of the day and the period of the 

year is crucial. Hence, in the four seasons the time when the hot molten salt starts to be generated 

and the produced amount is different, as shown in Table 5.2. To clarify, a short comparison 

between winter and summer is made: during summer days, at 6:00 in the morning, the receiver 

starts to produce hot molten salt, while at the same time in winter the sun is not shining and no 

mass flow is circulating in the solar loop; instead, at 8:00 during summer, the molten salt mass 

flow produced by the solar field is larger than the one produced in winter at the same time. 

Looking at Table 5.2, it must be kept in mind that the value of the reported mass flow is the one 

generated in the first hour of available incident sun radiation, which is different for each season. 

In Figure 5.4, the behaviour of the molten salt flowing in the solar loop from the heliostat field 

and the receiver during the summer period is depicted in blue, while the purple line represents 

the necessary flow rate to produce the required power output. Obviously, during summer the hot 

salt is produced for a longer period, as reported in Table 5.2. 

Table 5.2: Typical daily parameters 

Parameter Winter Spring Summer Autumn 

Initial time (ti) 8:00 7:00 6:00 7:00 
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End time (te) 17:00 18:00 19:00 18:00 

Mass flow produced at ts 650 kg/s 555 kg/s 438 kg/s 564 kg/s 

NPO 35 MW 42 MW 45 MW 42 MW 

Thermal Efficiency 35.3 % 36.2 % 36.5 % 36.2 % 

 

On the contrary, the molten salt mass flow rate needed to satisfy the required NPO is function 

both of the operating conditions and, thanks to the controllers already described, of the demand. 

For this reason, it is automatically calculated for each time interval for the four seasons and it 

gives different values. This result is totally in line with the expectations: first, because the NPO is 

not constant during the year, but it is chosen equal to the maximum allowing continuous 

electricity generation; ultimately, because the operation of the plant changes according to the 

available radiation, which in turn is function of time. In detail, the necessary mass flow of molten 

salt is higher during the “Day” hours because the NPO takes into account also the auxiliaries, 

especially pumps employed in the solar loop that face a larger mass flow rate during the “Day”: 

consequentially, the power produced by the sCO2 turbine is higher because a fraction is absorbed 

by the pumps working with salts. In particular, the pump after the hot tank works with almost the 

same flow rate during the whole day, due to the inserted controller; conversely, the one after the 

cold tank has to deliver quite a large mass flow during the “Day” hours, since the vessel is 

discharging the huge amount of molten salt stored in the night. During the “Evening”, on the other 

hand, this pump does not work because the tank is accumulating without discharging (green line 

in Figure 5.3): hence the power produced by the sCO2 cycle to ensure the same fixed NPO is lower 

and less Solar Salt flow rate is needed to supply the cycle. As an example, in Figure 5.4 the trend 

of the necessary molten salt amount is depicted in purple for a summer day: it can be noticed that 

it slightly increases when the solar field is producing hot Solar Salt, due to the work needed by the 

pump. To show the direct impact of the power produced by the turbine on the necessary molten 

salt mass flow, these two quantities are plotted together in Figure 5.5: on the x-axis there is the 

power produced by the turbine, expressed in kW, while on the y-axis the calculated required solar 

salt amount, expressed in kg/s. Their direct proportionality, that was expected, is therefore 

demonstrated. During summer, this mass flow is of the order of 415 kg/s. Making a comparison 

with the antipodal situation of the winter, here the flow rate necessary to produce the rated power 

is clearly lower, since the required electricity is externally diminished from 45 MWel at summer 

to 35 MWel, in order to allow production during the whole day with less hours of sun shine. 
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Figure 5.4: Mass flow rates of the molten salt in the solar loop (summer) 

 

Figure 5.5: Necessary molten salt flow rate as function of the turbine work 

Given the limitations imposed using of the Solar Salt, in the solar loop the temperature interval 

ranging from 290 °C to 565 °C must be ensured. For this reason, as already largely explained in 

sub-section Model description, controllers are used: the first prevents the cycle from working with 

a freezing fluid, whose temperature is lower than 290 °C, and the second one imposes the 



 

 

 

78 

 

maximum operating temperature which is equal to 565 °C. During the “Evening” hours, a small 

amount of Solar Salt can be produced by the field, but obviously its temperature is too low, the 

enthalpy negligible and its flowing in the pipes must be avoided in order not to damage the system. 

Through the switch S1 (Figure 4.1), this amount of molten salt is sent back to the tower and no 

mass flow is circulating in the loop. 

To summarize, as expected, during the whole day, in order to obtain the same net electrical power 

output, externally chosen by the user, the turbine is required to produce a different amount of 

work which is function of the time being. Consequentially, the inserted controllers compute the 

mass flow rates of sCO2 and molten salt which are necessary to supply the demand, while the 

molten salts mass flow produced by the solar field is not affected by the cycle evolution. This 

concept is well demonstrated in Figure 5.6 where, as function of the time, divided into one-hour 

intervals on the x-axis, four quantities are represented together in order to highlight their 

interdependence: 

1. on the left y-axis there is the value, in kW, of the gross power produced by the turbine 

(light blue line); 

2. the net electrical power output in kW (orange line) is plot on the left y-axis, too. It is 

externally set and always constant; 

3. on the right y-axis, the molten salt amount (kg/s) produced by the solar tower is 

represented in green and it is only function of the time being and of the field features; 

4. the purple line on the right y-axis represents the calculated hot Solar Salt (kg/s) necessary 

to supply the required power. 

As foreseen and already explained, when the salt produced by the field increases, the gross power 

generated shows the same trend since the turbine has to provide the work absorbed by the pumps. 

Subsequently, a lager mass flow of molten salt is required to heat the necessary sCO2 mass flow 

rate. Therefore, the purple line, representing the necessary amount of hot salt, and the blue one, 

which stands for the gross power, show the same trend of the green curve, that is the molten salt 

produced by the field. An ordinary summer day has been selected for instance, but the same is 

obtained for all the other seasons. 
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Figure 5.6: Molten salt mass flow rates, gross and net power output 

A critical component of the system is the heat exchanger between the solar loop and the power 

cycle (component (4) in Figure 4.1): here, it is difficult to ensure a correct and simultaneously 

efficient heat transfer process, since the inlet molten salt temperature is set at 565 °C and it is not 

allowed to increase it, because of corrosion enhancement in pipes and components. Hence, the 

minimum temperature difference is chosen equal to 5 °C, in order to obtain the maximum 

allowable outlet temperature of the sCO2 which will be expanded in the turbine and will produce 

work. Even though this is a quite risky situation, the heat exchanger works in the right way and 

the heat is properly transferred, as shown Figure 5.7. Here, the T-q diagram is obtained through 

the software and it shows both the design and the off-design condition, that in this project means 

the daily behaviour characterized by different thermodynamic quantities distributions, calculated 

as function of the time. 

1. The blue line is the cold side in the design condition, so it is the sCO2 that has to be heated; 

2. the red one is the design hot side, that is the molten salt always entering with a 

temperature equal to 565 °C; 

3. the green line is the cold side (sCO2) in off-design; 

4. the orange one is the hot side (molten salt) of the heat exchanger in case of off-design 

operation. 

From the figure, it can be observed that the minimum temperature difference is always 

guaranteed and that in both the configurations the inlet temperature of the hot side (molten salt) 

and the outlet temperature of the cold side (sCO2) coincide, since they are fixed. Then, the outlet 

molten salt temperature is specified by the controller (C2 in Figure 4.1) which computes the 
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needed flow rate in order not to have the pinch point problem, while the inlet sCO2 temperature 

is calculated by the software in dependence of the operating conditions. In accordance with what 

was forecasted, the heat transferred in the off-design operation is larger than the amount 

discharged in the design to obtain the same electrical power output: indeed, the latter is the 

optimized configuration with the highest thermal efficiency. 

 

Figure 5.7: T-q diagram of the heat exchanger between solar loop and power cycle 

5.3 Power cycle 

A supercritical fluid is characterized by overcoming the end point of the phase equilibrium curve. 

At the critical point, liquid and gaseous conditions exists together, so that the advantages 

descending from both phases can be exploited. This is the reason why supercritical carbon dioxide 

has been selected as working fluid for the power cycle in this project. Indeed, it enters the main 

compressor near the critical point, when it behaves as a liquid and its high density allows a small 

amount of work necessary for the compression process, but it is expanded in the turbine in the 

supercritical region, where it shows the typical gaseous properties and gives a large output. 

Furthermore, being the density high for all the cycle, the components are smaller and the plant 

footprint is reduced.  

The choice of employing a close supercritical CO2 cycle in a view to enhancing the efficiency of the 

system causes the difficulties on the design of the heat exchangers which act as recuperators and 

cooler in the selected recompression layout. The main problem arises from the change of specific 

the heat capacity of the CO2 when the critical conditions are approached, as discussed in sub-

sections Supercritical CO2 properties and 2.4.3 Closed supercritical CO2 cycle: using supercritical 

carbon dioxide as working fluid implies a variation of the specific heat capacity not only as 
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function of the pressure, but also of the temperature. The direct consequence is the probable 

occurrence of the pinch point violation in some parts within the heat exchangers, not only at the 

inlet or outlet. Hence, the sensitivity analysis to find the proper split ratio χ is a crucial step for 

this project, first to make the cycle run without errors and ensure the correct heat transfer process; 

then, to enhance the cycle efficiency, which is strongly affected by any change on the amount of 

mass flows passing through the heat exchangers and compressors. The result of the sensitivity 

analysis made varying simultaneously the split ratio, the TIT and the minimum and maximum 

pressures, as described in sub-section Sensitivity analysis, is shown in red in Figure 5.8, where it 

is compared with the first attempt cycle, depicted in green. The figure is obtained through the 

used software, Ebsilon 13 Professional. The achieved efficiency in the design condition is equal to 

36.5 % when the NPO is 45 MWel and 36.1 % when the latter is 35 MWel, while the first attempt 

cycle gives almost 33.4 % as thermal efficiency. In Table 5.3 a short comparison is made. In order 

to obtain reliable and consistent results from both the cycles, they are asked to produce the same 

electrical power output, that is 35 MWel, because in the first attempt it is the maximum 

guarantying the continuous electricity generation, during the day and during the night. 

Table 5.3: Comparison between first attempt and optimized cycle 

Parameter First attempt cycle Optimized cycle 

pmin [bar] 100 95 

pmax [bar] 220 280 

TIT [°C] 525 560 

χ [-] 0.699 0.75 

Thermal Efficiency [-] 33.4 % 36.1 % 

 

Thanks to the optimization, the thermal efficiency results improved. Even if from Figure 5.8 it is 

evident that in the optimized cycle the turbine output increases (6 → 7) but the compressors need 

more work (1 → 2 and 9 → 10), as well, to compress the fluid, it is worth to notice that the rate of 

the turbine output increasing is not linear with the rising in the necessary compression work. This 

is an advantage descending from the simultaneous variation of the thermodynamic parameters in 

the sensitivity analysis, given their interdependence on the overall cycle impact. Besides, the 

optimized power cycle is able to use more effectively the heat from the solar loop. In detail, the 

temperatures difference of the molten salt in the heat exchanger (11 → 12) is fixed, but the needed 

mass flow is calculated as function of the required power. Since the non-optimized cycle is not 

able to well exploit the sCO2 properties, the necessary sCO2 and, consequentially, Solar Salt flow 
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rates increase: hence, the thermal power from the solar loop to the power cycle does the same, 

being equal to 105 MWth. Though it is not because the outlet sCO2 temperature is higher, but 

because the sCO2 mass flow to be heated is larger. Remember that in each heat exchanger the 

energy balance between the two sides has to be respected (𝑄̇ =  𝑚̇ ∙ 𝑐𝑝 ∙ ∆𝑇). Indeed, from Figure 

5.8 it is clear that the temperature in 5 is quite the same for the green (non-optimized) and the 

red (optimized) curve, but the value in 6 for the red is higher than for the green. This means the 

first attempt cycle was not able to well exploit the available heat. Concurrently, in the optimized 

cycle the TIT is higher, so that a smaller amount of sCO2 is necessary to obtain the same power 

output and, consequentially, a lower amount of molten salt. Given that the molten salt 

temperature difference is fixed by the inserted controller, the direct consequence is that less heat 

is needed by the power cycle to generate the required electricity, in particular 97 MWth. Hence, 

the thermal efficiency (ratio between the net power output to the heat collected by the HTF and 

given to the sCO2) results further improved because the denominator decreases and the 

numerator stays the same. Additionally, the new optimum split ratio allows a better recuperation 

process, characterized by the correct heat transfer even with a very small minimum temperature 

difference that allows the operation even in tough conditions. 

 

Figure 5.8: T-s diagram of the first attempt and optimized cycle 

The optimized cycle is therefore selected and, given the better performances, the NPO is increased 

from 35 MWel to 45 MWel in the design condition and in general for the summer days. The winter 

days, instead, result optimized with an NPO equal to 35 MWel, while the mid-seasons can both 

continuously supply 42 MWel. 

The T-s diagram of the design condition of the optimized power cycle is better described in Figure 

5.9. Comparing Figure 5.9 and Figure 5.10: 
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• 1 → 2: main compressor (MC); 

• 2 → 3 and 8 → 9: respectively, cold side (or high pressure) and hot side (or low pressure) 

of the low temperature recuperator (LTR); 

• 9: splitter (S); 

• 9 → 10: re-compressor (RC); 

• 3 → 4 and 10 → 4: mixer before the high temperature recuperator (HTR); 

• 4 → 5 and 7 → 8: respectively, cold side (or high pressure) and hot side (or low pressure) 

of the high temperature recuperator (HTR); 

• 5 → 6 and 11 → 12: respectively, cold side and hot side of the main heat exchanger between 

solar loop and power cycle (4); in particular, 5 → 6 is sCO2 and 10 → 11 is Solar Salt; 

• 6 → 7: turbine (TB); 

• 9 → 1 and 13 → 14: respectively, hot side and cold side of the cooler (PC); in detail, 9 → 1 

represent the sCO2 that has to be cooled down, while 12 → 13 is the heated water. 

Considering the design condition as example, the advantage of combining in the same cycle both 

the gaseous and the liquid properties, thanks to the suercritical condition of the fluid, is highlithed 

by the gross power produced by the turbine and the necessary compression work: the first one is 

almost equal to 73 MWel, while the work needed by both the employed compressors is of the order 

of 24 MWel, much more smaller than the produced. However, when the comparison is made, it is 

fundamental to remember that the thermodynamic features of the power cycle are the best that 

can be used with the studied plant equipped with all the limitations largely described and 

discussed. Obviously, without the constraints imposed by the actual materials, such as the 

maximum Solar Salt temperature not to have corrosion, the TIT could be increased and the 

potential of the closed supercritical CO2 cycle could be better and fully exploited. 
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Figure 5.9: T-s diagram of the optimized cycle 

 

Figure 5.10: Plant layout 

The split ratio which allows the appropriate transfer of the heat and, at the same time, the 

maximum thermal efficiency is found equal to 0.75. This can be a risky situation for the cooler, 

but it has been decided to accept it because it gives the highest thermal efficiency. The correct heat 

transfer process in both the recuperators is shown in Figure 5.11, while the T-q diagram of the 

cooler is presented in Figure 5.12. In Figure 5.11, the red line represents the hot side of the 

recuperators, that is the sCO2 exiting the turbine and entering first the HTR (1 → 2) and then the 

LTR (2 → 3), which in off-design condition is depicted in orange, while the blue line (green one 

in off-design) is the sCO2 that has to be heated: in the LTH (4 → 5) the 75 % of the total mass flow 

from the main compressor (MC) is heated; this amount is then mixed with the remaining 25 % 

from the re-compressor (RC) and they enter together the LTR (6 → 7). The difference between 
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point 5 and 6 in due to the mixing process. On the other hand, from Figure 5.12, the uncommon 

behaviour of the carbon dioxide approaching the critical conditions becomes evident: indeed, the 

red curve for the design and the orange for the off-design condition perform the response of the 

sCO2 (1 → 2) to the cooling process, done by water (3 → 4) (blue line in design and green in off-

design). This diagram results totally in line with what was described in sub-section 2.4.3 Closed 

supercritical CO2 cycle and shown in Figure 2.10, where deep the change of the specific heat 

capacity near the critical conditions is represented. The sCO2 exiting the cooler and entering the 

main compressor is characterized by a pressure equal to 95 bar and a temperature of 35 °C, very 

close to the critical point (around 74 bar and 31 °C). The change in the specific heat capacity 

absolutely affects the heat transfer process and this justifies the shape of the red curve in Figure 

5.12. All the heat exchangers undoubtedly exhibit the possible occurrence of the pinch point 

violation if some quantity is slightly changed, since the minimum temperature difference is very 

small, of the order of 5 °C. The off-design configuration is the most sensitive and delicate because 

the temperature distribution is not set and fixed but computed in the simulation for each time 

span. Nonetheless, given that from the time series calculation the correct heat transfer process is 

ensured also in this uncertain situation, it has been decided to keep all the thermodynamic 

parameters obtained through the sensitivity analysis which allow the maximum thermal 

efficiency, because the pinch point of 5 °C is always guaranteed. It is important to notice that, 

given the selected layout of recompression and the 75 % of splitting optimized with a minimum 

and maximum cycle pressures of respectively 95 bar and 280 bar and a TIT equal to 560 °C, a 

quite regular behaviour of the sCO2 is obtained and the pinch point problem is always avoided in 

each component. 
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Figure 5.11: T-q of the HTR and LTR 

 

Figure 5.12: T-q diagram of the cooler 

In order to understand what an error in the pinch point violation is, performing the sensitivity 

analysis a sub-profile with a lowest cycle temperature equal to 31 °C is created, keeping all the 

other thermodynamic quantities from the optimized design condition. The software advises about 

an occurring error on the pinch point due to the change on the fluid cp curve in the cooler. 

Obviously, when the cycle runs with some error, the results are no longer stable nor reliable. 

Decreasing the minimum temperature from 35 °C to 31 °C, with the same minimum pressure 

equal to 95 bar, means getting closer and closer to the sCO2 critical conditions. Hence, the change 

in the specific heat capacity of the fluid is so strong that the pinch point inside the cooler is luckily 
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to be violated and in the T-q diagram of the component the lines representing the cold (water) 

and the hot (sCO2) side are expected to overlap. Moreover, problems related with the reduced 

approaching temperature difference between the inlet temperature of the power cycle fluid and 

outlet temperature of the cooling one are absolutely foreseen. These issues are well demonstrated 

in Figure 5.13, where the cooling water is represented in blue (3 → 4) and the sCO2 in red (1 →2). 

From the inlet condition of around 72 °C to reach a temperature equal to 31 °C, the red curve 

changes its slope and intersects the straight blue line, causing the pinch point violation. Further, 

the point 1, that is the sCO2 inlet temperature, is very close to the point 4, outlet water 

temperature: their difference is less than 1 °C. This is a too extreme and risky condition that could 

not be accepted. In point of fact, the minimum temperature of the operating designed cycle never 

goes under 35 °C, neither when the plant works in off-design, no matter the season is. In these 

conditions, as largely explained in sub-section 4.3.1 “Daily behaviour” off design, the maximum 

and minimum temperatures of the cycle are no longer externally given, like in design operation, 

but automatically calculated by the software as function of the heat transfer process, in order to 

obtain the convergence of all the thermodynamic quantities in the close power cycle. This is a 

further confirmation of the reliability of the achieved plant results. 

 

Figure 5.13: T-q diagram of the cooler with pinch point violation 

After the group of sensitivities to optimize the cycle, as already mentioned, a further analysis is 

performed to demonstrate that the inserted controllers coupled with the scripts allow a flexible 

plant operation. The gained flexibility is important since, if a different output is desired, it is 

necessary only to choose this value and to put it on the appropriate controller (C1 in Figure 5.10). 

Then, the software automatically calculates the necessary flow rates of Solar Salt and sCO2 as 

function of the externally chosen demand, inserted in C1. The sensitivity analysis produces the 

result of an improved thermal efficiency when the demand increases, but, after a net electrical 
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power of 60 MWel, a huge mass flow rate of water is necessary, larger than 400 kg/s. Of course, 

the plant is dimensioned for 45 MWel for the summer, 35 MWel for the winter and 42 MWel for the 

mid-seasons, that are the power allowing the continuous generation for the different seasons. So, 

the considered range of regulation regards only a temporary operation, even if the dynamic is not 

an object of this study, which runs without errors and without any change in the system 

thermodynamic inputs, apart from the required power output that is obviously externally chosen. 

The designed system could correctly work in a wide range of outputs, from 10 MWel to 60 MWel, 

with acceptable thermal efficiencies: the flexibility is demonstrated to be reached thanks to the 

controllers and the on-purpose written scripts. From Figure 5.14, the impact of the NPO on the 

thermal efficiency is evident: when the required output is decreased, the resulting thermal 

efficiency is lowered and the slope of curve is very steep; after an NPO of 35 MWel, the rate of 

change is smoother. This is in line with the expectations, since the plant is optimized for a net 

electricity of 45 MWel: changing the output, keeping the same TIT and pressure ratio, affects the 

efficiency of the system, whose best operational point is found as the combination of the 

thermodynamic quantities and the NPO. So, in the neighbourhood of the design output, the 

obtained values of the thermal efficiencies are comparable; at lower NPOs, the resulting 

efficiencies are penalized. Given the aim of regulating the plant without any manual change, apart 

from the demand, and the assumption of working in off-design for a short time interval, it is 

accepted to deal with lower efficiencies than in the design case. 

 

Figure 5.14: Thermal efficiency as function of the NPO 

5.4 System Performance 

5.4.1 Solar-to-electric efficiency 

Solar-to-electric efficiency represents the overall efficiency of the plant. It is the ratio between the 

net electrical power output to the input from the solar field, taking into account the optical and 

thermal efficiencies of the solar field, losses in the pipes and the efficiency of the power block. 

When a storage system is included in the plant, employed in order to increase the operating hours 
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of the system, there is thermal energy stored in the tanks, too. In literature, there is no unique 

indication to calculate the overall efficiency of a plant equipped with a storage system. Since the 

simulation is performed in one-hour intervals with a view to see the variation of each parameter 

as function of the time and of the available irradiation, it would not be precise nor accurate to 

estimate the tanks thermal energy making the day average of the stored mass flow and considering 

this energy as a useful output. Hence, two procedures are presented: 

1. Create a new cycle with a smaller solar field producing exactly the Solar Salt flow rate 

necessary to supply the rated power, without including any storage system; 

2. Neglect the presence of the storage system. 

Regarding the first procedure, the new cycle is depicted in Figure 5.15 and it is simulated on the 

21st of June, in the usual design condition. The system is made up of a smaller heliostat field (1) 

which is coupled with the same solar tower (2) as before. The is dimensioned in order to generate 

exactly the flow rate necessary to produce the rated power of 45 MWel, which results equal to 407 

kg/s. Notice that the controller which allowed the automatic calculation of the molten salt flow 

rate, set on both sides of the heat exchanger (3), has been eliminated: the aim of this cycle is no 

longer to study the variation of all the parameters as function of time, but to dimension a plant 

which can only supply the rated power in the design operation. Component (5) pumps the molten 

salt back to the solar tower (2) to close the loop. Through component I1, the maximum 

temperature withstood by the Solar Salt is given, always equal to 565 °C, while through the 

components I2 and I3 the minimum temperature and pressure and the maximum temperature, 

respectively, are given as input and they are equal to 35 °C, 95 bar and 560 °C, as previously 

assessed. The turbine maximum pressure is set again equal to 280 bar. The controller C1 allows 

the automatic calculation of the necessary sCO2 mass flow rate as function of the required power, 

equal to 45 MWel. Hence, in accordance with the proposed methodology, this power cycle is 

entirely equal to the one designed for the real design plant. Component number (4) is inserted in 

order to highlight the correctness of the procedure and of the results: indeed, it is always in the 

same unchanged state, it never accumulates nor discharges, in line with this study objective. 

However, it ensures the minimum temperature of 290 °C. 



 

 

 

90 

 

 

Figure 5.15: Plant layout without accumulation 

Once the heliostat field (1) is dimensioned to obtain a power cycle exactly equal to the real system 

one, it is possible to take advantage of the definition of solar-to-electric efficiency, which is the 

ratio between the net electric power output to the input given by the solar field. Since this cycle 

grants only the generation of the rated power, without accumulating, all the energy from the solar 

field (276 MWth) is totally used to produce the electric power. Hence, the solar-to-electric 

efficiency results equal to 16.30 % (Eq. 5.1). 

𝑆𝑜𝑙𝑎𝑟 𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
=

45 𝑀𝑊

276 𝑀𝑊
16.29 % Eq. 5.1 

 

Concurrently, the second procedure is an average calculation which is based on the idea that the 

storage tanks are loading and unloading during the day, reaching the maximum and then getting 

empty. There is always an average stored mass flow in the hot or cold vessel. If it could be possible 

to consider a long period of time, the molten salt mass flow produced by the solar field would be 

extremely higher than the amount stored in the tanks, since this is always the same on average 

during all days of the considered season. Remember that the employed storage is a daily system. 

In other words, considering one day (24 hours), the thermal energy of the storage has a strong 

impact on the overall efficiency. But, considering three months of the same season, the thermal 

energy of the storage system is always equal to the thermal energy of one single day and, being 

orders of magnitude smaller than the produced and used thermal energy, it is allowed to neglect 

it. Hence, three months of summer are considered and the solar to electric efficiency is calculated 

using first Eq. 5.2, through which the produced electrical power during three months is calculated, 

considering the continuous power supply of 45 MWel; then Eq. 5.3, which computes the produced 

thermal power during the 13 hours of sun radiation in summer (13 hours is the time interval in 
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which the sun is shining during summer, obtained through the time series calculation); finally Eq. 

5.4, to do the ratio between the previous results and effectively calculate the solar to electric 

efficiency. 

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 24
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 30

𝑑𝑎𝑦𝑠

𝑚𝑜𝑛𝑡ℎ
∙ 3 𝑚𝑜𝑛𝑡ℎ𝑠 ∙ 45 𝑀𝑊 = 97,200 𝑀𝑊ℎ Eq. 5.2 

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 = 13
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 30

𝑑𝑎𝑦𝑠

𝑚𝑜𝑛𝑡ℎ
∙ 3 𝑚𝑜𝑛𝑡ℎ𝑠 ∙ 510 𝑀𝑊 = 596,700 𝑀𝑊ℎ Eq. 5.3 

𝑆𝑜𝑙𝑎𝑟 𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
= 16.29 % Eq. 5.4 

The results obtained through the proposed procedure give the same result, hence it is reliable and 

the procedure are both correct. Moreover, it is in the range given by IRENA when solar tower is 

coupled with superheated steam cycle, for both power plants in operation and under research and 

construction, that is from 15 % to 17 %, with the aim to reach the 20 % (IRENA, 2012a, 2012b). 

5.4.2 Storage Equivalent hours 

In order to have an idea of the production of the proposed plant granted by the storage system, 

the storage equivalent hours are calculated. They are defined as the hours in which the nominal 

power can be produced thanks to the storage system. Indeed, it is used in a view to increase the 

operating hours of the plant, since it permits the generation of electricity also during the hours of 

absent radiation. The calculation is performed firstly by averaging the mass flow of molten salt 

stored in one day. Then, the average energy of the tanks is computed using Eq. 5.5 and, dividing 

it by the thermal power that the Solar Salt transfers to the power cycle according to Eq. 5.6., hence 

the equivalent hours of the storage system are obtained. The stored mass flow is obtained through 

the time series calculation, where it is calculated over a one-hour interval, together with all the 

other cycle parameters of interest. From the literature, the specific heat capacity of the Solar salt 

is equal to 1.5 [kJ∙kg-1∙°C-1] and the maximum and minimum solar loop temperatures are 

respectively 565 °C and 290 °C. In the proposed plant, the net electrical power output is different 

for each season, since it is the maximum which allows to accumulate enough molten salt mass 

flow in order to ensure the continuous power supply. Accordingly, the stored mass flow rate is not 

constant during different periods of the year, but it is function first of the necessary amount to 

supply the power cycle and then of the field efficiency as well. As already discussed in sub-section 

Solar loop, the field efficiency results higher in winter than in summer, because of the non-optimal 

latitude where it is installed. Hence, it is expected that, on average, the stored mass flow of Solar 

Salt will be slightly higher in winter than in summer: in this period, the demand is higher, and 

equal to 45 MWel, than during winter, where 35 MWel are produced, leading primarily to a 

reduction of the excess molten salt amount stored in the hot tank to supply the rated power for 
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the few hours; secondly, it provokes an increase of the heat exchanged between the Solar Salt and 

the sCO2 to produce the large required power output. In consideration of this, the number of 

equivalent hours obtained through the winter time series outputs is predicted to be bigger than 

the in the summer case, since the decreased demand (35 MWel), in turn, effects the thermal power 

needed by the power cycle to supply the rated power which will be decreased as well. The same 

considerations, for the field efficiency and the necessary heat to be stored and discharged, justify 

the higher molten salt average mass flow during spring and autumn with respect to summer: this 

time, the demand equal to 42 MWel is comparable with the summer case (45 MWel), but the field 

efficiency is higher and so it is able to produce a larger molten salt flow rate, which in part is used 

to directly supply the power cycle and in part is stored. In particular, the sun shines for 11 hours, 

value found through the time series calculation, and the heliostat field efficiency is equal to 0.732, 

higher than the summer value (0.675). So, it is foreseen to obtain, on average, a higher stored 

mass flow. However, since in the mid-seasons the thermal power transferred from the solar loop 

to the power cycle is higher than the winter case, when the maximum field efficiency is registered 

equal to 0.753, and lower than the summer one, it is reasonable to forecast a value of the storage 

equivalent hours lower than the one obtainable in winter, but higher than in summer. Logically 

speaking, the plant and, in particular, the storage system are sized in order to supply electrical 

power with absent radiation for a longer period in winter, that is from 18:00 to 8:00, than in 

summer, when the radiation is focused for 13 hours and the “Evening” period lasts from 19:00 to 

6:00. Results are summarized in  

Table 5.4 and they are in accordance with expectations, where the dependence of the accomulated 

thermal power on the required output is evident. 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 =  𝑚̇ ∙ 𝑐𝑝 ∙ ∆𝑇 Eq. 5.5 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ℎ𝑜𝑢𝑟𝑠 =
𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
 Eq. 5.6 

 

Table 5.4: Daily equivalent hours 

 

Net 

power 

output 

[MWel] 

Average 

mass flow 

rate 𝒎̇ 

[tons/s/day] 

Accumulated 

energy 

[MJ/day] 

Accumulated 

energy 

[MWh/day] 

Nominal 

thermal 

power 

[MW] 

Equivalent 

hours 

[hours/day] 

Summer 45 8485.35 3,500,208.13 972.28 123,41 7.87 
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Winter 35 8581.33 3,539,796.60 983.28 97.88 10.05 

Spring 

and 

Autumn 

42 9054.06 3,734,800.28 1,037.45 116.62 8.90 

 

At this point, the operating hours of the designed plant are estimated. In order to perform this 

calculation, the daily sunshine hours, when a part of the produced hot molten salt is directly used 

to generate electricity, are added up to the just calculated storage equivalent hours for each 

season. Then, they are multiplied by the number of days composing the seasons and added up, so 

that the yearly operating hours of the plant are obtained, according to Eq. 5.7, equal to 7,355 hours 

per year. Given the way they are computed, they represent the hours in which the plant is able to 

provide the maximum rated power output for which it has been designed. 

𝑌𝑒𝑎𝑟𝑙𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠

= (13
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 7.87

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
+ (9

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 10.05

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟

+ (12
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 8.90

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 180

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
= 7,355

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
 

Eq. 5.7 

In order to have an idea of the daily equivalent storage hours during the year, a weighted average 

calculation is performed, in accordance with Eq. 5.8. 

𝐷𝑎𝑖𝑙𝑦 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ℎ𝑜𝑢𝑟𝑠

=
7.87

ℎ𝑜𝑢𝑟𝑠
𝑑𝑎𝑦

∙ 1
𝑠𝑒𝑎𝑠𝑜𝑛

𝑦𝑒𝑎𝑟
+ 10.05

ℎ𝑜𝑢𝑟𝑠
𝑑𝑎𝑦

∙ 1
𝑠𝑒𝑎𝑠𝑜𝑛

𝑦𝑒𝑎𝑟
+ 8.90

ℎ𝑜𝑢𝑟𝑠
𝑑𝑎𝑦

∙ 2
𝑠𝑒𝑎𝑠𝑜𝑛𝑠

𝑦𝑒𝑎𝑟

1
𝑠𝑒𝑎𝑠𝑜𝑛

𝑦𝑒𝑎𝑟
+ 1

𝑠𝑒𝑎𝑠𝑜𝑛
𝑦𝑒𝑎𝑟

+ 2
𝑠𝑒𝑎𝑠𝑜𝑛𝑠

𝑦𝑒𝑎𝑟

 

= 8.93
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
 

Eq. 5.8 

The result of 8.93 hours/day of full load production is a good indication of the proposed plant 

performance. However, it is only an indication because the presented plant produces maximum 

power allover the year which ensures production during the entire day, without any interruption 

due to the unavailable sun radiation. So, the power output has been chosen different for each 

season, causing different values of equivalent hours. In fact, the focal point of this study is the 

whole-day plant operation and the possibility to easily change the production according to the 

demand, designing a flexible plant which is able to adapt to different required power output. But 

it is important to remember that all the simulations have been performed with maximum output 

ensuring continuous daily power supply. Hence, it is plausibly expected that reducing the required 
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electricity, allowed by the plant flexibility, the equivalent hours will surely increase. In other 

words, imposing a diminished output and maintaining the same solar field, a larger amount of 

Solar Salt would be stored in the tanks and less thermal power would be consumed by the sCO2 

power cycle. Looking at Eq. 5.5, the numerator results increased and the denominator decreased, 

obtaining a higher number of equivalent hours. In addition, asking the plant the same power 

output during the whole year, the nominal thermal power transferred from the solar loop to the 

power cycle would be the same for all the seasons and the consequent equivalent hours calculation 

would be more precise. In this case, the tanks are assumed bigger in order to allow the storage of 

the mass flow unnecessary to generate electricity. As an example, the assumption of 35 MWel 

continuous power during the entire year is made. The results of the time series calculations are 

shown in Table 5.5. 

Table 5.5: Equivalent hours obtained with the same power output 

 

Net 

power 

output 

[MWel] 

Average 

mass flow 

rate 𝒎̇ 

[tons/s/day] 

Accumulated 

energy 

[MJ/day] 

Accumulated 

energy 

[MWh/day] 

Nominal 

thermal 

power 

[MW] 

Equivalent 

hours 

[hours/day] 

Summer 35 11,444.99 4,721,057.93 1,311.40 97.88 13.40 

Winter 35 8,581.33 3,539,796.60 983.28 97.88 10 

Spring 

and 

Autumn 

35 11,138.67 4,594,701.29 1,276.31 97.88 13.04 

 

Taking advantage of Eq. 5.8, assuming a constant required electricity during the year, the average 

daily equivalent hours are 12.4. Now, it is evident how the required output strongly impacts on 

the offered equivalent hours: even though the heliostat efficiency is the lowest during the summer 

months, reducing the electricity to be provided, more Solar Salt mass flow is stored thanks to the 

largest number of available sun radiation and, as logically thought, the highest number of 

equivalent hours are provided. The equivalent hours would increase more if, obviously, the 

electricity was further reduced. However, the aim of the presented study is to design a plant 

equipped with a daily storage system ensuring the continuous supply of the maximum power 

which allows the production of the rated power also when the sun is absent. The storage tanks are 

designed to be empty in the early morning and full when the radiation is no longer available, hence 

the maximum power is selected different for each season. The performed calculation is used to 

underline the feasibility of the plant and the advantages deriving from its flexibility, in terms of 

easy regulation and equivalent hours. Indeed, the already described controllers and switches 
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make the external variation of the required electricity unsophisticated and they automatically and 

simultaneously calculate the sCO2 and HTF mass flow rate of the new system, characterized by 

different thermodynamic parameters that have changed as function of the different output. 

The same considerations and calculations can be done to estimate the yearly equivalent hours, 

referring to the hours in which the plant can operate at full load during the year. The calculation 

is performed averaging the mass flow of molten salt stored in one day and multiplying it times 

360 days per year, in order to obtain a value for the yearly mass flow rate accumulated in the 

storage tanks. This estimation is legitimated by the fact that the proposed plant is designed to 

accumulate every day of the year, neglecting at this design step the availability of the plant (Table 

5.6).  

Table 5.6: Storage system equivalent hours for different seasons 

 

Net 

power 

output 

[MWel] 

Average mass 

flow rate 𝒎̇ 

[tons/s/day] 

Accumulated 

energy 

 [MJ/year] 

Accumulated 

energy 

[MWh/year] 

Nominal 

thermal 

power 

[MW] 

Equivalent 

hours 

[hours/year] 

Summer 45 8,485.35 1,260,074,927 350,020.8 123.41 2,836 

Winter 35 8,581.33 1,274,326,775 353,979.7 97.88 3,616 

Spring 

and 

Autumn 

42 9,054.06 1,344,528,102 373,480.0 116.62 3,202 

 

With the hypothesis that the plant behaves for 90 days as simulated for the summer, for 90 days 

as simulated for the winter and for 180 as simulated for the mid-seasons, the weighted average of 

the seasonal equivalent hours is done and the yearly storage system equivalent hours are equal to 

3,214 hours per year (Eq. 5.9). 

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ℎ𝑜𝑢𝑟𝑠 

=
2836

ℎ𝑜𝑢𝑟𝑠
𝑦𝑒𝑎𝑟

∙ 90
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

+ 3616
ℎ𝑜𝑢𝑟𝑠
𝑦𝑒𝑎𝑟

∙ 90
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

+ 3202
ℎ𝑜𝑢𝑟𝑠
𝑦𝑒𝑎𝑟

∙ 180
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

90 
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

+ 90
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

+ 180
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

= 3,214
ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
 

Eq. 5.9 

 

This result demonstrates the important benefit introduced by the storage system: it enables the 

additional generation of full load electricity for 3,214 hours per year. Without the storage system, 
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when the peak power is fixed, the abundant molten salt mass flow rate produced during the hours 

of higher radiation would simply be wasted and discharged to the environment as heat. 

All these results are obtained from fully sunny days simulations. Obviously, during the year there 

are some cloudy or partly cloudy days, when the direct normal irradiance is reduced or absent. In 

order to have a more realistic estimation of the behaviour and performance of the designed 

system, the daily and yearly average DNI is estrapolated from the solar global atlas (Solargis, 

2018), where it is calculated based on the last decades trend. Given the latitude and longitude 

chosen for the plant, it is placed near Alexandria and Il Cairo, in Egypt (Figure 5.17 (Solargis, 

2018)). From the atlas, the DNI results yearly almost equal to 2,250 kWh/m2 and daily equal to 

6.075 kWh/m2. 

 

Figure 5.16: Egypt average daily and yearly DNI (Solargis, 2018) 

At this point, the object is to find a factor representing the overestimation of the production leaded 

by the calculations made with the assumption of all days to be fully sunny. Unfortunately, the 

software does not provide directly the variation of the DNI during the different time intervals of 

the day, but it assumes it to be constant. Therefore, it is necessary to go back to it through the heat 

exchanged from the solar field to the tower, which in turn is function of the sun angles. The rusult 

is a daily average of the DNI, affected by the actual reduced and absent available ration during the 

early morning and the evening. So, for each season, firstly the summation of the heat trasferred 

from the heliostats to the tower is computed and it is divided by 24 hours per day. Obviously, it 

results higher for summer than for the other seasons. In the second place, it is necessary to break 
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free from the efficiency of the heliostat field, since it clearly affects the amount of heat flowing 

from the mirrors to the receiver and the aim is to find the variation of the direct incident radiation 

on the heliostats, which is not funcion of the field properties (Eq. 5.10). Additionally, the software 

provides the heat captured by the field, defined as the product of the DNI and the area of the field 

and, as a consequnce of the definition, it is constant allover the day and can not be used to find 

the radiation available from the sun. So, the average DNI is estimated dividing the average hourly 

exchanged heat just calculated by the area of the solar heliostat field, equal to 600,000 m2 (Eq 

5.11). The results, schematized in Table 5.7, demonstrate the dependence on the time: the daily 

average DNI is much lower than the nominal, set to 850 W/m2, because it takes into account the 

hours of low and absent sun radiation that are present every day. Ultimately, the average DNI for 

the entire year is calculated and through a series of equivalences the necessary value for 

calculations is reached, in accordance with Eq. 5.12, where again each season is assumed to last 

for 30 days. 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 ℎ𝑜𝑢𝑟𝑙𝑦 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 ℎ𝑒𝑎𝑡 =
∑(𝐻𝑒𝑎𝑡 𝑓𝑟𝑜𝑚 𝑓𝑖𝑒𝑙𝑑 𝑡𝑜 𝑡𝑜𝑤𝑒𝑟) 

24 
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙𝜂𝑓𝑖𝑒𝑙𝑑

 Eq. 5.10 

𝐴𝑣𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝐷𝑁𝐼 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 ℎ𝑜𝑢𝑟𝑙𝑦 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 ℎ𝑒𝑎𝑡

𝐹𝑖𝑒𝑙𝑑 𝑎𝑟𝑒𝑎
 Eq 5.11 

 

Table 5.7: Average daily and yearly DNI values  

 

Average hourly exchanged heat 

[MWth] 

Average daily DNI 

[W/m2] 

Summer 229.21 382.02 

Winter 168.01 280.01 

Spring and Autumn 202.21 337.03 

 



 

 

 

98 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑁𝐼 

=

382.02
𝑊

𝑚2 ∙ 𝑑𝑎𝑦
∙

90𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

+ 280.01
𝑊

𝑚2 ∙ 𝑑𝑎𝑦
∙

90𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

+ 337.03
𝑊

𝑚2 ∙ 𝑑𝑎𝑦
∙

180𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

 

360
𝑑𝑎𝑦𝑠
𝑦𝑒𝑎𝑟

= 331.52 
𝑊

𝑚2 ∙ 24
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙

10−3𝑘𝑊

𝑊
∙

360𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
= 2,860

𝑘𝑊ℎ

𝑦𝑒𝑎𝑟 ∙ 𝑚2 

Eq. 5.12 

Once the actual average DNI is computed for the proposed system, considering the hours of low 

of absent radiation typical of the evening and the early morning, the comparison between this and 

the value found in the atlas for the same place is made. In fact, in the presented study all the 

calculations are based on total clear sky days, while the DNI value from the atlas considers also 

the partly or totally cloudly days in a statistical way. The ratio of the aformentioned quantities is 

the factor representing the overestimation made because of the hypothesis of all clear sky days, 

as in Eq. 5.13: in particular, the storage equivalent hours early found will be multiplied bu this 

factor in order to have a more realistic estimation of the plant and, according to Eq. 5.14, they are 

equal to 6.6 hours/day. 

𝑓 =
𝐴𝑡𝑙𝑎𝑠 𝐷𝑁𝐼

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑁𝐼
=

2,250
𝑘𝑊ℎ

𝑦𝑒𝑎𝑟 ∙ 𝑚2 

2,860
𝑘𝑊ℎ

𝑦𝑒𝑎𝑟 ∙ 𝑚2

= 0.78 Eq. 5.13 

𝐴𝑐𝑡𝑎𝑢𝑙 𝑑𝑎𝑖𝑙𝑦 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 ℎ𝑜𝑢𝑟𝑠 

= 𝐷𝑎𝑖𝑙𝑦 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 ℎ𝑜𝑢𝑟𝑠 ∙ 𝑓 = 8.93 
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 0.78 = 7

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
 

Eq. 5.14 

From this estimation, the actual daily storage equivalent hours are reduced, as expected, and 

equal to 7 hours per day. However, this result is satisfying and still in line with the expectations: 

it indicates that the plant ensures the reated production for additional 7 hours every day, thanks 

to the integration with the thermal storage system. Once again, it is not a precise value but an 

average indication of the system performance, since it is obtained first averaging the optimistic 

equivalent hours among the seasons, each one different from the others due to the distinctive 

NPO and consequent different thermal power accumulated, and then multiplying it times an 

estimated factor which indicates the real atmospheric conditions in the plant location. 

The actual operating hours can be estimated, as well, with the same previous hypothesis, 

considering the reduction of the storage equivalent hours due to the real sky conditions through 

the early calculated factor “f”, equal to 0.78 (Eq. 5.15). The result is lower than the previously 

found (7,355 hours per year from Eq. 5.7), as foreseen. 
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𝐴𝑐𝑡𝑢𝑎𝑙 𝑦𝑒𝑎𝑟𝑙𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 = 

= (13
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 7.87

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 𝑓) ∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
+ (9

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 10.05

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 𝑓) ∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
+ 

+ (12
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 8.90

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 𝑓) ∙ 180

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
= 6,520

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
 

Eq. 5.15 

5.4.3 Capacity Factor 

Another strong motivation that suggests the convenience of the storage system employment is the 

Capacity Factor (CF), defined as the energy actually produced in one year divided by the product 

of the nominal full capacity of the plant multiplied by the number of hours in a year. Several 

reasons which could cause a CF lower than 100 % exists. First of all, the routine maintenance or 

the unlucky failures cause a direct reduction of the output. Then, if the maximum power is not 

required or the price of electricity is too low to make the production convenient, the generated 

output is decreased. The first reason is the most influencing on the capacity factor reduction of 

base-load power plants, as the one proposed in this study: indeed, they are designed to always 

work at their maximum output. The latter, on the contrary, is the main cause affecting the CF of 

peak-power plants, which are modelled to work for only small interval of time or up to a limited 

number of hours. Concerning renewable energy, another unavoidable source influencing the 

reduction of the CF arises, which has actually a key role: the unavailability and the intermittence 

of the source used as fuel. This is helpful not to misunderstand the capacity factor and the 

availability factor: indeed, the last indicator is not affected by such a possible zero production 

periods, but it is mainly influenced by reliability and required periodic maintenance. The 

difference lies in the definition: the capacity is the ratio between produced and nominal power, 

while the availability factor is the time in which the plant produces electricity over a certain period 

divided by that period. To clarify, the fact that a plant is available does not imply that it can operate 

at its maximum nameplate. For renewable energy, given the strong dependence on the availability 

of the source, the capacity factor could result much lower than the availability factor, causing a 

consequent decrease on the economic interests. However, the plant proposed in this study has the 

fundamental potential of increasing the capacity factor thanks to the integration with the thermal 

energy storage system, which easily and efficiently decouples the availability of the sun radiation 

from the electricity production, ensuring dispatchability and baseload supply in such a way that 

the intermittence of the source is no more an issue. According to IRENA (IRENA, 2012d), adding 

15 hours of thermal energy storage the capacity factor could reach the 80 %, while without the 

storage system it ranges from 20 to 25 %. The fundamental role of the increased CF lies in the 

potential reduction of the LCOE. The proposed plant offers, during winter, the possibility of 

storing the necessary amount of hot Solar Salt to supply the required electrical power for 15 hours 

during the night, while the average storage equivalent hours are 7 hours per day (8.9 h/day in the 
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optimistic case of clear sky). Thereby, it is reasonable to forsee a capacity factor ranging from 0.6 

to 0.8, which indicates that the presented system is able to supply the 60-80 % of the nameplate 

capacity during the yearly operation. Applying the definition, the CF of the presented power plant 

is calculated in Eq. 5.18. Given the fact that the presented plant is design to generate a different 

electrical output on each season, for the reasons largely discussed, it is firstly necessary to estimate 

the annual production. The plant produces 45 MWel during summer, 35 MWel in winter and 42 

MWel during spring and autumn. The operating hours typical of each season are calculated by 

summing up the earlier computed storage equivalent hours and the sun shining hours. So, the 

production of each season is derived from the product of the seasonal operating hours and the 

chrematistic power output. Ultimately, the annual production is the sum of the just calculated 

production of all the four seasons, as in Eq. 5.16. Here, the f factor reducing the storage equivalent 

hours is considered, in order to have a realistic estimation of the actual behaviour of the system. 

On the other hand, the nominal producible energy is considered as the sum of the nominal output 

chosen for every season, each one multiplyed by the number of hours in which the plant is 

assumed to behave in that way, according to Eq. 5.17.  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑎 𝑦𝑒𝑎𝑟

= (13
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 𝑓 ∙ 7.9

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
∙ 45 𝑀𝑊

+ (9
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 𝑓 ∙ 10.05

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
∙ 35 𝑀𝑊𝑒𝑙

+ (12
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 𝑓 ∙ 8.90

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 180

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
∙ 42 𝑀𝑊 = 275,159.8

𝑀𝑊ℎ

𝑦𝑒𝑎𝑟

= 275.16
𝐺𝑊ℎ

𝑦𝑒𝑎𝑟
 

Eq. 5.16 

 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 = 24
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
∙ 45 𝑀𝑊 + 24

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 90

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
∙ 35 𝑀𝑊 

+24
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
∙ 180

𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
∙ 42 𝑀𝑊 = 354.24

𝐺𝑊ℎ

𝑦𝑒𝑎𝑟
 

Eq. 5.17 

𝐶𝐹 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑎 𝑦𝑒𝑎𝑟

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑏𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦
=

275.16
𝐺𝑊ℎ
𝑦𝑒𝑎𝑟

354.24
𝐺𝑊ℎ
𝑦𝑒𝑎𝑟

= 0.78 Eq. 5.18 

 

The result of a capacity factor equal to 0.78 makes the proposed plant a very interesting 

competitor for fossil fuel power plants, whose capacity factor is summarized in Table 5.8 (EIA, 

2018) and it could well penetrate the market. It is absolutely in line with literature and 

experimental studies and it underlines the considerable advantages gained by the integration of 

the plant with a thermal energy storage, which, as demonstrated, enables the additional 

production of the nominal electrical power for more than 7 hours per day. 
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Table 5.8: Capacity Factors for Utility Scale Generators Primarily Using Fossil Fuels in USA (EIA, 2018) 

Year 

2018 
Coal 

Natural gas 

fired 

combined 

cycle 

Natural gas 

fired 

combustion 

turbine 

Natural 

gas 

steam 

turbine 

Petroleum 

steam 

turbine 

Petroleum 

liquids fired 

combustion 

turbine 

January 64.2 % 54.0 % 11.9 % 13.1 % 19.0 % 5.0 % 

February 49.3 % 55.1 % 6.9 % 6.5 % 11.8 % 0.9 % 

March 43.9 % 51.5 % 9.3 % 8.4 % 10.9 % 1.4 % 

April 41.7 % 48.0 % 11.4 % 8.5 % 12.7 % 1.9 % 

May 47.0 % 52.3 % 11.8 % 16.7 % 9.2 % 2.3 % 

June 58.4 % 61.9 % 12.0 % 17.7 % 15.2 % 3.0 % 

July 64.3 % 73.0 % 18.9 % 25.5 % 14.3 % 3.6 % 

August 64.3 % 72.2 % 18.9 % 22.3 % 15.8 % 2.6 % 

5.4.4 Solar Multiple 

The main drawback coming from the TES system is the rise of the plant costs: the solar field has 

to be over-dimensioned in order to allow the production of the mass flow to be thermally stored, 

in addition to the amount necessary to directly generate the electricity, such components which 

compose the storage system cause a direct increase in the investment costs. This represents the 

biggest reason why investors could be discouraged: historically, despite the possibility to be 

integrated with a storage system which easily allows dispatchability, CSP has always been seen as 

an expensive technology. However, the choice to choose a CSP power and to employ a thermal 

energy storage system is justified by the possible economical reduction of the LCOE and the 

advantages on the O&M costs deriving from the economy of scale (Dunham and Iverson, 2014; 

IRENA, 2012d). In order to have an indication of the over-sizing of the solar field, the Solar 

Multiple (SM) index is calculated. The solar field of a plant equipped with a TES system, as a 

matter of fact, is over-dimensioned, with a view to produce more molten salt than the necessary, 

so that it could be accumulated. The solar multiple is the actual dimension of the real solar field 

referred to the solar field extension that would be required by a plant designed only to produce 

the rated electrical power in the on-design, without any accumulation process. Regarding the 

plant presented in this project, the SM is calculated taking advantage of the system simulated to 

estimate the solar-to-electric efficiency (Figure 5.15). Sure enough, this cycle is comprised of a 
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heliostat field which allows only the production of the exact Solar Salt mass flow to supply the 

rated power, as described in sub-section 5.4.1 Solar-to-electric efficiency. So, according to Eq. 

5.19, the solar multiple is equals to 1.85. 

𝑆𝑀 =
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑓𝑖𝑒𝑙𝑑

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑓𝑖𝑒𝑙𝑑 𝑤𝑖𝑡ℎ𝑜𝑢𝑡ℎ 𝑠𝑡𝑜𝑟𝑎𝑔𝑒
=

510 𝑀𝑊

276 𝑀𝑊
= 1.85 Eq. 5.19 

The result is in line with the estimation done by IRENA (IRENA, 2012d), where a SM up to 2 is 

proposed when the storage system exceeds 6 hours. The equivalent storage hours of the proposed 

plant are earlier estimated almost equal to 7, when the atmospheric conditions are taken into 

account, while they are 8.9 assuming always the clear sky. Both results are satisfied by a solar 

multiple of 1.85. 

5.4.5 Water consumption 

The cooling system plays a key role on the efficiency of the plant. The solar source for the CSP 

technology is usually available in desert regions, where the lack of fresh water for the cooling 

system is a common issue. The main advantage of dry-cooling systems arises: water consumption 

could be reduced by 90 % compared to a power plant equipped with wet cooling, where about 3 

m3/kWh of water are required. Nonetheless, if a dry (air) cooling tower is employed, the plant 

efficiency is reduced, 4-9 % less electricity is lost and the capital costs increases simultaneously. 

But only 10 % of the water required by a wet cooling tower is necessary, hence is it employed 

especially in desert zones. However, the increase of cost is not negligible: dry cooling system are 

3.3 times more expensive than wet ones. Additionally, dry towers suffer from the variation of the 

ambient temperature and their performance is strongly affected by off-design operation (Dunham 

and Iverson, 2014; IRENA, 2012b). The efficiency penalization due to the employment of a dry 

cooling system is shown in Figure 5.17 and compared with the wet cooling tower system (Dunham 

and Iverson, 2014). 
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Figure 5.17: Thermal efficiency of sCO2 cycle under a) wet and b) dry cooling system (Dunham and 

Iverson, 2014) 

Therefore, the proposed plant is designed with a wet cooling system in order to enhance the 

overall efficiency and because the returning temperature of the water is already almost equal to 

70 °C during the whole year. This value is calculated by the software as function of the operating 

conditions and of the heat transfer process. Hence, it is reasonable to use this hot water for CHP 

application, such as heating purposes for buildings. 

Given the fact that the presented plant provides a different electrical output on each season, the 

yearly plant production is calculated in accordance with Eq. 5.16. The yearly water consumption 

of the presented plant is calculated in accordance with Eq. 5.20, while through Eq. 5.21, Eq. 5.22 

and Eq. 5.23 an indication of the daily water consumption for the different seasons is provided, 

because daily results are easier to be understood and compared. The storage equivalent hours are 

reduced by the earlier calculated f factor, indicating the real atmospheric conditions, since the 

necessary water is directly function of the actual operating hours of the plant. Additionally, the 

water consumption is calculated with the maximum amount, that is 3 m3/kWh, while it ranges 

between 2.5 m3/kWh and 3 m3/kWh: therefore, an overestimation of the necessary water is 

probable to result from this calculation. 

𝑌𝑒𝑎𝑟𝑙𝑦 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑌𝑒𝑎𝑟𝑙𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∙  3,000,000
𝑚3

𝐺𝑊ℎ
∙ 1

𝑘𝑔

𝑚3 ∙ 10−6
𝑡

𝑘𝑔

= 275.16
𝐺𝑊ℎ

𝑦𝑒𝑎𝑟
∙  3

𝑡

𝐺𝑊ℎ
= 825.48

𝑡

𝑦𝑒𝑎𝑟
 

Eq. 5.20 
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𝐷𝑎𝑖𝑙𝑦 𝑠𝑢𝑚𝑚𝑒𝑟 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

=  (13
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 𝑓 ∙ 7.9

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 45 𝑀𝑊 ∙ 3,000

𝑚3

𝑀𝑊ℎ
∙ 1

𝑘𝑔

𝑚3 ∙ 10−6
𝑡

𝑘𝑔

= 2.60
𝑡

𝑑𝑎𝑦
 

Eq. 5.21 

𝐷𝑎𝑖𝑙𝑦 𝑤𝑖𝑛𝑡𝑒𝑟 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

=  (9
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 𝑓 ∙ 10.05

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 35 𝑀𝑊 ∙ 3,000

𝑚3

𝑀𝑊ℎ
∙ 1

𝑘𝑔

𝑚3
∙ 10−6

𝑡

𝑘𝑔

= 1.78
𝑡

𝑑𝑎𝑦
 

Eq. 5.22 

𝐷𝑎𝑖𝑙𝑦 𝑚𝑖𝑑 − 𝑠𝑒𝑎𝑠𝑜𝑛𝑠 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

=  (12
ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
+ 𝑓 ∙ 8.90

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
) ∙ 42 𝑀𝑊 ∙ 3,000

𝑚3

𝑀𝑊ℎ
∙ 1

𝑘𝑔

𝑚3
∙ 10−6

𝑡

𝑘𝑔

= 2.40
𝑡

𝑑𝑎𝑦
 

Eq. 5.23 

5.5 High efficiency cycle results 

Up to now, the obtained outputs are comparable with operating solar tower plants which are 

coupled with Rankine power cycles. This result clearly highlights that the potential advantages of 

the adopted closed supercritical CO2  cycle are not fully exploited. To clarify, the high operating 

pressures and consequent high density of the working fluid allows first of all the overall 

employment of smaller components; in the second place, the less corrosiveness of the fluid with 

respect to steam extends components and pipes life-time; thirdly, its high molecular mass reduces 

the risk of leakage; ultimately, sCO2 is stable over a wide range of pressure, it is not toxic, it is 

abundant and quite available. However, the high temperatures which could permit to obtain a 

greatly boosted thermal efficiency are not yet reached at the presented power plant.  It is designed 

considering all the actual material limitations and employing the current commercial Solar Salt 

as heat transfer fluid, where the highest allowable temperature is equal to 565 °C, so the maximum 

sCO2 which ensures a correct heat transfer between the solar loop and the power cycle is 560 °C, 

much lower than temperatures at which the sCO2 power cycles experience highest efficiencies. 

Unfortunately, the current state of the art regarding HTF does not offer different molten salt 

compounds which can be used in the Ebsilon simulation, since they are not commercially 

available, but only studied and investigated in test-labs with advanced materials (see sub-sections 

Novel molten salt studies and Advanced material for sCO2 power cycle application). For these 

reasons, in order to demonstrate the strongly higher thermal efficiency that a fully exploited sCO2 
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power cycle could reach with respect to a Rankine (Dunham and Iverson, 2014), it has been 

chosen to neglect the solar loop, which is clearly the strongest limitation due to the temperature 

range and the corrosion on the employed materials. So, only the power cycle is simulated, under 

the assumption that the turbine inlet temperature is reached thanks to the correct heat transfer 

between a novel molten salt compound ensuring stability at higher temperatures, delivered in 

pipes which do not suffer of corrosion problems related with the boosted operational conditions. 

The cycle components are the same employed for the power plant presented earlier in this study, 

so the effectiveness of the heat exchangers and the efficiencies of the turbine and compressors are 

assumed, same as summarized in Table 4.1. But the thermodynamic quantities are pushed 

towards the allowable maximum in order to obtain a higher thermal efficiency. The studied 

parameters are the same as before: 

1. the turbine inlet temperature; 

2. the minimum cycle pressure; 

3. the turbine inlet pressure; 

4. the split ratio. 

The procedure to optimize the cycle is the one adopted for the proposed plant and consists in 

finding a proper range of variation for each parameter, keeping all the other constant, and then 

varying simultaneously the chosen four quantities in the just found values interval, since they are 

intermeshed and contribute together to reach better performances. Once again, the procedure is 

conducted creating sub-profiles which work according to on-purpose written scripts. The results 

obtained through the first group of sensitivity analysis are shown in Figure 5.18. They are all 

conducted starting from the same cycle, characterized by a mass flow rate equal to 500 kg/s, a 

minimum and maximum pressure respectively of 90 and 320 bar, a turbine inlet temperature 

equal to 700 °C and a splitting ratio of 0.25. Then, each of the four parameters is varied while all 

the others are kept unchanged. 
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Figure 5.18: First sensitivity analysis results 

The influence of the increasing turbine inlet temperature on the thermal efficiency is undoubtedly 

positive: as expected, the thermal efficiency tends to reach Carnot efficiency (Eq. 5.24), which is 

improved by increasing the maximum cycle temperature. The best minimum pressure value, 

instead, results again lightly higher than the critical one and this is a result already obtained for 

the presented plant equipped with the storage system and the solar loop. In the graph 

representing the minimum pressure influence (Figure 5.18), however, there is a point 

characterized by zero efficiency. Actually, it corresponds to the minimum pressure value, in 

particular 85 bar, where the primary cooler (PC) undergoes a pinch point violation, so the 

software experiences an error and the calculated cycle features are absolutely not reliable. Hence, 

it is totally incorrect to calculate the thermal efficiency, which is set equal to zero for the sake of 

visual clearness. This result clearly demonstrates how a small change in a single parameter could 

jeopardize the correct operation of the whole cycle: in fact, the nearest points with a pressure 

slightly higher and lower than the one resulting in error make the plant correctly operate and give 

a thermal efficiency higher than 40 %. In contrast, Figure 5.18 demonstrates that the turbine inlet 

pressure positively impacts on the thermal efficiency until 300 bar, after which the performance 

is penalized. At this point, it is crucial to fully understand the extrapolated results and not to 

misunderstand them: this group of sensitivity analysis is conducted varying only the examined 

parameter and keeping constant all the others. Hence, the deducted outcome that the best 

maximum cycle pressure is 300 bar is improper. The correct conclusion to be drawn is that, once 

the minimum pressure is set at 90 bar and the TIT at 700 °C with 0.75 as splitting ratio, the 

thermal efficiency result is optimized at a maximum pressure of 300 bar. Obviously, if one or 

some of these parameters change, the maximum efficiency does the same and the best point 

operation is different from the one previously found. The last graph of Figure 5.18 shows the 
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strong influence of the split ratio on the thermal efficiency: it is, in fact, a crucial parameter which 

has to be accurately chosen. The thermal efficiency equal to zero for splitting of 0.80, 0.85 and 

0.90 is due to the pinch point problem occurrence on the primary cooler, where the sCO2 is very 

sensitive to any parameter change and its specific heat capacity deeply varies near the critical 

conditions. 

𝜂_𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥
 Eq. 5.24 

After having understood the trend of the thermal efficiency as function, separately, of each of the 

four examined thermodynamic parameters, the necessity to enhance the cycle performance leads 

to perform the final sensitivity analysis where their influence is studied simultaneously, so that a 

set of optimizing values is found. In this way, it is easy to perceive how each parameter has to be 

matched with a feasible value of the others in order to obtain first a cycle running free of errors 

and ultimately with the best thermal efficiency. For example, if 1,000 °C of TIT is coupled with a 

maximum pressure of the order of 200 bar, the resulting thermal efficiency is much lower than 

the one obtained when setting the inlet turbine pressure and temperature respectively at 300 bar 

and 1,000 °C. The same consideration can be done regarding also the split ratio and the minimum 

cycle pressure. In order to have a wide range of variation for the thermal efficiency, each 

parameter is varied within the just found values interval simultaneously with all the others, 

resulting in a huge number of sub-profiles running according to a script. Looking at Figure 5.18, 

the direct proportionality of the TIT and the thermal efficiency is evident: in other words, the 

increase in TIT has always a positive impact on the cycle performance, which would be further 

improved by the correct choice of all the other parameters. For this reason, from the sensitivity 

analysis the best efficiency is reached at really high TITs. Another interesting outcome is the fact 

that with a minimum pressure equal to 85 bar the pinch point is very probable to occur, even with 

an increase in the maximum cycle pressure. It is interesting to underline how the previous results 

must be taken together with the imposed non-varying parameters: from Figure 5.18, the best 

efficiency point corresponds to a maximum pressure of 300 bar, when the TIT, the splitting and 

the minimum pressure are fixed and respectively equal to 700 °C, 90 bar and 0.75. Now, thanks 

to the analysis including all the parameters, when the TIT is boosted up to 1,400 – 1,500 °C, the 

thermal efficiency is no longer maximized by a maximum pressure of 300 bar, but at 330 – 350 

bar. However, it is not true that the highest the parameters, the best the performance is: the cycle 

results optimized by a maximum pressure of 330 bar with a TIT equal to 1,500 °C, reaching 64.15 

% of thermal efficiency, while the sub-profile of 1,500 °C and 350 bar shows a one percentage 

point lower efficiency, obviously choosing the split ratio and the minimum pressure that better 

fits the cycle on each configuration. To conclude, a thermal efficiency higher than 60 % could be 

obtained by optimizing the cycle to be capable of operating at very high temperatures and 

pressures (see again Table 4.5 for additional values). The results are in line with recent studies 
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(Dunham and Iverson, 2014), where different cycles are compared. The most important outcome 

is that, increasing inlet turbine temperature and pressure, the recompression sCO2 cycle ensures 

a thermal efficiency higher than the one reachable using the common-used Rankine cycle, whilst 

under 600 °C of TIT the obtained thermal efficiencies are comparable (Figure 5.19 (Dunham and 

Iverson, 2014)). Indeed, the corrosiveness of steam at boosted operation conditions strongly and 

negatively affects the Rankine cycle efficiency, while sCO2 does not experience such problems. 

 

Figure 5.19: Different cycles efficiency as function of the TIT (Dunham and Iverson, 2014) 

One of the aims of this study, however, is not to demonstrate only the potential performance of 

the sCO2 cycle compared to the commonly-used Rankine cycle, but to show the improvements 

projected from coupling a CSP technology to a sCO2 cycle. In this view, even if the used software 

does not allow the employment of different molten salt compounds of the Solar Salt, because they 

are not actually commercially available, it is important to do some considerations about the 

feasibility of the just presented optimized high-efficiency cycle and its integration with a solar 

tower. 

First of all, it must be considered that working with a working fluid at 1,500 °C surely results in 

high stresses on pipes and components, especially when the pressure reaches and overcomes 300 

bar. Ni-base superalloys could be used, but the expensiveness makes them less interesting from 

an economic point view, so that usually Ni-base alloys are employed (see previous sub-section 

Advanced material for sCO2 power cycle application). When the TIT is higher than the limit that 

the material can withstand, the turbine undergoes an extreme operation condition which will 

permanently damage it, so it must be cooled down. One possibility is represented by internal 

convection cooling, where some compressed cold gas from the compressor is sent inside the first 

stage of the turbine. Since the pressure inside the blades is higher than the one outside, the cooling 

process is promoted and the turbine works at a safer condition. As a strong disadvantage, the 

cooling gas has to be at a high pressure, at the expense of the compressor efficiency, surely 

jeopardizing the performance. In addition to this system, a film cooling improvement could be 

adopted: it is based on ejecting a cold gas film (at 400 – 500 °C, hence colder than the working 
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fluid) along the blade, making some holes. Attention must be paid on the design and dimension 

of the holes, because especially at the blade suction side the pressure is low and there is the risk 

that all the mass flow could pass through the holes designed for the cooling system. What is 

undoubted is that cooling ensures safe operation conditions, but creates perturbations during the 

expansion process, since some cold gas is interacting with the hot stream, and the turbine 

efficiency is lowered. 

Even if it could be accepted to employ expensive superalloys or to use a cooling system for the 

turbine, working at very boosted TIT, its effect on the solar loop must be carefully considered. 

When a CSP technology is equipped with a power cycle, the thermodynamic condition surely will 

influence the performance of the solar loop. In particular, considering the promising thermal 

efficiency allowed by a TIT higher than 700 – 800 °C, it has to balance the strong repercussions 

on the efficiency of the solar tower and on the HTF behaviour. In order to transfer the necessary 

amount of heat to the power cycle, the temperature of the HTF has to increase, keeping always a 

minimum temperature difference with the sCO2 to ensure a correct process. Hence, as already 

mentioned, a compound different from the Solar Salt has absolutely to be used, guaranteeing 

stability above the limit it imposes (565 °C), and avoiding corrosion on the pipes and components. 

Then, the receiver thermal efficiency has a key role on the overall plant performance: increasing 

the HTF temperature, the solar tower efficiency first shows an improvement because the flux 

increases (denominator in Eq. 5.25), but later the losses become more dominant and efficiency 

decreases. Furthermore, the receiver is a component experiencing variable temperatures and 

fluxes during the day, even in different position. So, it is constantly under thermal stresses. 

𝜂𝑡ℎ =
𝑄̇𝑟𝑒𝑐 − 𝑄̇ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠

𝑄̇𝑟𝑒𝑐

= 1 −
𝜎 ∙ 𝐸 ∙ 𝐴𝑟𝑒𝑐 ∙ (𝑇𝑟𝑒𝑐

4 − 𝑇𝑎𝑚𝑏
4 ) + ℎ ∙ 𝐴𝑟𝑒𝑐 ∙ (𝑇𝑟𝑒𝑐 − 𝑇𝑎𝑚𝑏)

𝐹𝑙𝑢𝑥 ∙ 𝐴𝑟𝑒𝑐
 Eq. 5.25 

𝜂𝑜𝑝𝑡 =
𝑄̇𝑟𝑒𝑐

𝑄̇𝑠𝑢𝑛

 Eq. 5.26 

𝜂𝑟𝑒𝑐 = 𝜂𝑜𝑝𝑡∙𝜂𝑡ℎ  Eq. 5.27 

• 𝜂𝑡ℎ: receiver thermal efficiency; 

• 𝜂𝑜𝑝𝑡: receiver optical efficiency, function of the absorbance (α) and transmissivity (τ) of 

the material; 

• 𝜂𝑟𝑒𝑐: receiver efficiency; 

• 𝜎: Stefan–Boltzmann constant, equal to 5.67∙10-8 W/(m2 K4); 

• 𝐸: receiver emissivity; 

• ℎ: heat transfer coefficient for convection; 

• 𝐴𝑟𝑒𝑐: receiver area; 
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• 𝑇𝑟𝑒𝑐: receiver temperature; 

• 𝑇𝑎𝑚𝑏: ambient temperature; 

Consequently, with a view to optimizing the whole system made up of the power cycle and the 

solar loop, the best temperatures for the HTF and the sCO2 have to be found together, ensuring 

such compromise. This is well explained by an experimental study showing different power cycles 

performance when coupled to a solar tower (Dunham and Iverson, 2014) which is shown in Figure 

5.20. The system efficiency, in this case, is function of the TIT at a maximum pressure set equal 

to 30 MPa. 

 

Figure 5.20: System efficiency for different power cycles coupled with a solar tower (Dunham and 

Iverson, 2014) 

The interesting outcome is that, after a TIT equal to 600 °C, the system efficiency reached through 

a sCO2 cycle is always higher than the one obtained with a Rankine cycle. However, a peak 

efficiency exists, after which the plant performances are jeopardized, as foreseen and expected. 

This means that if the power cycle operation conditions are required to be boosted, efforts have 

to be directed towards improving the receiver performances, otherwise the overall efficiency will 

for sure decrease. As observed and demonstrated, the recompression sCO2 cycle could reach a 

thermal efficiency at the order of 60 %, but the necessary TIT will increase the tower losses and 

reduce the system efficiency. 
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6. CONCLUSION AND FUTURE 

WORK RECOMMENDATIONS 

The proposed plant is design with the aim to generate electricity exploiting the direct radiation of 

the sun. It is composed of a heliostat field focusing the radiation on the top of a solar tower where 

the receiver, which heats the molten salt, is placed. In the solar loop, a thermal energy storage 

system is integrated. The heat collected by the heliostats is then transferred through the primary 

heat exchanger to the power cycle. The latter is a closed recompression supercritical carbon 

dioxide cycle: the working fluid is CO2 above its critical conditions and the compression process 

is performed by two different compressors, working at a variable amounts of fluid and inlet 

operating conditions, in order to increase the cycle efficiency taking advantage of the behaviour 

of the sCO2 near its critical point. A key point is the correct split ratio according which the 

compressors work: it is necessary to be found in order to prevent the cycle heat exchangers 

(recuperators and cooler) from the common pinch point problem occurrence. 

The core of this project is to study the possibility to ensure a baseload power thanks to integrating 

a thermal energy storage system, that guarantees the correct supply of the necessary molten salt 

amount during the hours of absent sun radiation. This is the main reason pushing towards the 

choice of a solar tower configuration, to be able to reach high efficiencies.  

In order to demonstrate the feasibility of the designed system, the most sever conditions have 

been selected: the maximum power which allows continuous generation of electricity is chosen as 

output. Given the varying availability of radiation during the year, the simulation is done selecting 

a particular net power output for each season. Using the software Ebsilon 13 Professional, the 

plant is simulated as a subsequence of steady-state conditions during the whole day, dividing it in 

one-hour intervals. This is possible thanks to an on-purpose script developed and inserted in the 

software, which makes the plant working based on the different amounts of available radiation, 

that is obviously function of time. In this way, all the characteristic parameters of the plant are 

constantly monitored and studied. In particular, the level of the hot and cold tanks is analysed, in 

order to be sure that they provide the necessary amount of molten salt to continuously generate 
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the electricity on demand. From the time series outputs, the estimation and computation of the 

cycle performance are conducted. 

Given that a primary objective of the presented study is to design a plant actually feasible that 

could operate using the current state of the art, the molten salt playing the role of the heat transfer 

fluid and, simultaneously, of the storage fluid is the commonly used Solar Salt. Here, the first and 

the strongest system limitation arises: the temperature to ensure stability ranges from 290 °C to 

565 °C. This deeply penalizes the efficiency of the power cycle, since it imposes a maximum TIT 

at 560 °C, and does not allow to fully exploit the advantageous properties of the sCO2 working at 

high temperatures. 

The actual proposed system is designed with a view to reaching maximum flexibility, even though 

the constraints imposed by the Solar Salt. For this reason, controllers are used which make the 

regulation of the externally required power absolutely simple and immediate, without considering 

any transient behaviour of the system components at this design step. Additionally, the inserted 

switches and controllers enable automatic calculation of all thermodynamic quantities, which are 

not imposed by any material limitations, as function of the heat exchange process. In particular, 

the mass flow rate of both the Solar Salt and the sCO2 is automatically computed by the software 

program: so, in order to regulate the output, only the required electricity has to be externally 

modified, while the cycle is able to consequentially adapt to the different imposed conditions. 

Once the minimum and maximum temperature and pressure are given to the software as an input, 

in order to respect the imposed limitations, the distribution of the typical cycle thermodynamic 

parameters is calculated by the software as function of the heat exchange process, so that the 

external action is not required.  

As starting point, operational conditions are taken from literature and experimental studies, in 

order to design a realistic and feasible plant. The thermodynamic quantities of the power cycle 

impact together and simultaneously on each other and on the overall efficiency: for this reason, a 

group of sensitivity analysis is performed to find out the best operating point of the plant, without 

surpassing the discussed constraints. It is done with writing Pascal scripts and inserting them 

within the software, so that it accordingly changes the analysed parameters. The resulting best 

thermal efficiency is 36.46 % when the TIT is 560 °C, the minimum and maximum power cycle 

pressures respectively 280 bar and 95 bar, the split ratio equal to 0.7. This result is totally 

satisfying and in line with experimental studies. However, when the TIT is lower than 700 °C, a 

Rankine cycle could reach comparable efficiencies, so that the advantages of a recompression 

sCO2 cycle are not visible. With a view to demonstrate the convenience of employing a closed 

recompression supercritical carbon dioxide cycle increasing the TIT, the power cycle is then 

designed in Ebsilon 13 Professional decoupled from the solar loop and it is analysed through a 

series of sensitivity analysis, given to the software through some Pascal dedicated scripts. In this 

way, the best compromise of maximum and minimum pressure, split ratio and TIT is found also 
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for this configuration. The gained results clearly demonstrate that the cycle efficiency definitely 

increases when the conditions at the turbine inlet are pushed toward higher pressure and 

temperature values: it is higher than 60 % with a TIT of 1500 °C. Clearly, materials limitations, 

stresses on components and cooling issues must be considered. 

Moreover, sensitivity analysis carried on in order to study the flexibility of the system show that 

the thermal efficiency is improved when the required electricity increases, while it results 

penalized by the reduction of the NPO. This is in line with the main analysis hypothesis of varying 

only the output, keeping the system dimension and thermodynamic parameters unchanged: in 

fact, the proposed plant is designed with a view to obtain a high electrical power and it is not 

optimized to provide a lower output. However, flexibility is reached since it is allowed to work in 

non-optimal conditions, once lower efficiencies are accepted to be obtained. 

The time series simulations done on the real designed and proposed plant show feasible operating 

conditions and high efficiencies. From the outputs, the storage equivalent hours, the operating 

hours, the solar multiple and the capacity factor are calculated: all the results are in line with the 

experimental studies available in literature and the expectations. In particular, the storage 

equivalent hours are firstly estimated directly from the time series outcomes and they are equal 

to 8.9 hours per day. Then, with a view to considering the real sun radiation on the selected site, 

combination of cloudy and sunny days, the DNI from the solar atlas is obtained and compared 

with the one used in the software simulations: a factor “f” equal to 0.78 is found from their ratio 

which is multiplied by the previously found equivalent hours, in order to obtain a more realistic 

estimation. In this way, the storage equivalent hours are equal to 7 hours per day, which is still a 

satisfying result. In the first place, the operating plant hours are estimated equal to 7,355 hours 

per year. Then, in consideration of the aforementioned factor “f”, whose role is to diminish the 

storage performance and make it realistic, the operating hours of the plant are found equal to 

6520 hours per year and the capacity factor is calculated equal to 79 %, perfectly in line with the 

number of storage equivalent hours. For the sake of clearness, a short comparison with Gemasolar 

is made: its CF is 55 %, the operating hours at full load are 6,450 hours per year and the yearly 

production is equal to 110 GWh/year, whilst the proposed plant reaches 275 GWh/year, without 

jeopardizing thermal (36.5 %) nor solar-to-electric (16.29 %) efficiencies. The high capacity factor 

undoubtedly shows the importance of integrating the plant with a TES system, even if it causes 

the necessity of an indirect configuration. As already explained, all these results are obtained from 

a plant operating with the actual commercially available technologies, such as the well-known 

Solar Salt with its temperature limitations. Therefore, it is expected to obtain further 

improvements with the use of more performing salt compounds pushing towards higher 

temperatures. 

On the contrary, using a direct configuration with a supercritical CO2 receiver, the withstood 

fluxes would be surely higher, as well as the TIT. Therefore, the thermal and the solar-to-electric 
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efficiencies would be definitely improved. But, as a disadvantage, the storage system is very 

difficult to be integrated, since it would deal with a gaseous fluid, and so the possibility of a 

continuous production during the whole day would be lost. 

To have a complete picture of the situation, the dynamic behaviour of the components should be 

performed in future works, in order to understand how the plant is effectively able to adapt to 

different conditions imposed by system regulation and partial load. Moreover, in this study it is 

assumed to work with the Solar Salt, which is the actual well-known salt compound commonly 

used for heat transfer fluid and storage system. It is strongly suggested to work with different 

compounds of molten salt that would allow higher temperature ranges, so that the power cycle 

performance would consequently increase, while the proposed plant thermal efficiency results 

comparable with the one obtainable through a steam Rankine cycle. The solar-to-electric 

efficiency is similar to the Gemasolar one, as well. However, the advantages in terms of 

compactness of the whole system, availability, non-toxicity, stability, high density of sCO2 still 

play a fundamental role, especially regarding the faster expected response to transitories, thanks 

to the smaller size of components. Powerful molten salts are recommended also because they can 

handle higher fluxes in the receiver (concentration ratio is very high), decreasing thermal losses 

and leading to better performance, but the material used for the pipes and components must have 

the properties to handle them, such as higher mechanical strength, corrosion resistance etc.. 

Another good option could be the use of liquid metals, but they are not suitable to the role of heat 

storage fluid. 

A deep limitation of the proposed plant is the use of an improper solar field for the selected 

latitude, as demonstrated by the field efficiencies for the different seasons. It is undoubtedly 

suggested to employ the correct field designed for the latitude where it is placed and the correct 

heliostats orientation. Then, a fluid dynamic study would be necessary to fully assess the plant, 

studying in detail the behaviour of the fluids and the dynamic of the components, and a 

mechanical analysis of the stresses on the components. Ultimately, an economic analysis is 

suggested to optimize the proposed system. 
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