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Σύνοψη 

Στις πλέον αναπτυσσόμενες ανανεώσιμες πηγές ενέργειας συγκαταλέγονται και οι ηλιακοί 
πύργοι, οι οποίοι από τον σταθμό P10 ισχύος 10MW (o πρώτος εμπορικός σταθμός) έως και 
σήμερα, όπου παράγονται περισσότερα από 150MW, έχουν κάνει τεράστια άλματα εξέλιξης. 
Αυτή η εργασία μελετά, με βάση τον σταθμό Gemasolar στην επαρχία της Σεβίλλης, ισχύος 
20MWe, κατά  πόσο μπορούν να εγκατασταθούν τέτοιου είδους σταθμοί στην Ελλάδα. Η 
μελέτη αφορά στην εγκατάσταση σταθμών ισχύος 40 MWe στις τέσσερις διαφορετικές 
κλιματικές ζώνες της Ελλάδας. Προκειμένου να γίνει αυτό αναπτύσσεται ένα μοντέλο που 
περιλαμβάνει ηλιακό πύργο, σύστημα αποθήκευσης ενέργειας και  σταθμού παραγωγής 
ηλεκτρικής ενέργειας. Ακολούθως, πραγματοποιείται επαλήθευση στον ήδη υπάρχων σταθμό 
Gemasolar, έτσι ώστε να είναι διακριβωθεί η ακρίβεια του μοντέλου προσομοίωσης. Κατόπιν, 
δοκιμάζονται 36 διαφορετικά σενάρια για 6 συλλεκτικές επιφάνειες ηλιοστατών και για 6 
διαφορετικούς όγκους δοχείων και παρατηρείται η μεταβολή τεχνικών μεγεθών, όπως η 
συνολική παραγόμενη ισχύς και ο συνολικός βαθμός απόδοσης συστήματος, αλλά και ο 
εξεργειακός βαθμός απόδοσης. 

Ακόμα, για τα 36 διαφορετικά σενάρια που μελετώνται υλοποιείται και οικονομική ανάλυση 
χρησιμοποιώντας δείκτες, όπως το ειδικό κόστος, το κόστος της ενέργειας, η περίοδος 
αποπληρωμής αλλά και η καθαρή παρούσα αξία. Τέλος πραγματοποιείται και ανάλυση 
ευαισθησίας, έτσι ώστε να διαπιστωθεί με κάποια μικρή μεταβολή σε διάφορα μεγέθη 
σχετιζόμενα με την οικονομικότητα της εφαρμογής αλλά και της τεχνικής απόδοσης του 
συστήματος κατά πόσο μεταβάλλονται τα τεχνικά και οικονομικά μεγέθη που αναφέρθηκαν 
πιο πάνω. 
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Abstract 

The most growing renewable energy sources include solar power towers, which from the P10 
power station of 10MW (the first commercial station) to the present day, where more than 
150MW are produced, have made huge strides in development. This thesis studies, based on 
the Gemassolar Power Station in the province of Seville of 20MWe, whether such stations can 
be installed in Greece. The study concerns the installation of 40 MWe power stations in the four 
different climatic zones of Greece. In order to do this, a model is being developed that includes 
a solar power tower, an energy storage system and a power station. Subsequently, verification 
is being carried out at the existing Gemassolar station in order to verify the accuracy of the 
simulation model. Subsequently, 36 different scenarios are tested for 6 heliostat collector 
surfaces and 6 different storage tank volumes and the change in technical sizes, such as the total 
power generated and the total efficiency of the system performance, as well as the exergetic 
efficiency, are observed. 

In addition, for the 36 different scenarios studied, economic analysis is also carried out using 
indicators such as specific costs, the Levelized cost of energy, payback period and net present 
value. Finally, a sensitivity analysis is carried out in order to determine with some slight change 
in various sizes related to the economicity of the application and the technical performance of 
the system whether the technical and economic indexes mentioned above are changing. 
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Nomenclature  

A  Area [m2] 

Al  Tank external (lateral) area [m2] 

Ad  Tank cross section area [m2] 

a  Surface area per unit of volume [m-1] 

C  Concentration area [-] 

Cp  Specific heat capacity [J/kg K] 

Di  Tank internal diameter [m] 

De  Tank external diameter [m] 

d  Diameter of receiver tube [m] 

DNI  Direct normal irradiation [W/m2] 

E  Internal energy kWh 

Ex  Exergy W 

Fr  View factor [-] 

Gr  Grashof number [-] 

h  Enthalpy  [J/kg] 

H  Height of receiver aperture  [m] 

L  Height of tank [m] 

ṁ  Mass flow rate [kg/s] 

N  Number of receiver tubes [-] 

Nu  Nusselt number [-] 

Pr  Prandtl number [-] 

q  Thermal energy per area [W/m2] 

Q  Thermal energy [W] 

Qabs  Receiver absorbed energy [W] 

Qdesign  Design thermal energy for Rankine cycle [W] 

Re  Reynolds number [-] 

Rep  Reynolds number of filler particles [-] 

Ṡgen  Entropy generation [W/K] 

T  Temperature  [K] 

U  Overall heat transfer coefficient  [W/m2K] 

V  Volume  [m3] 

W  Power output or width of receiver aperture [W] or [m] 

Greek Symbols 
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α  Convective heat transfer coefficient [W/m2K] 

ηfield  Heliostat field efficiency [-] 

ηrec,energetic  Receiver energetic efficiency [-] 

ηrec,exergetic  Receiver exergetic efficiency [-] 

λ  Thermal Conductivity  [W/mK] 

δ  Thickness  [m] 

ε  Emissivity  [-] 

ρ  Density  [kg/m3] 

Subscripts 

abs  Absorbed   

amb  Ambient   

att  Atmospheric attenuation   

block  Blocking   

c  cold region   

cond  Conduction   

cos  The cosine effect  

field  Heliostat field  

fc  Forced convection  

h  Hot region  

HTF  Heat transfer fluid  

i or in  Inner, inlet or inside  

int  Internal   

ins  Insulation   

l  Liquid phase  

melt  Melting point value  

ms  Molten solar salt  

nc  Natural convection  

o  Outer or outlet  

out  Outlet  

PB  Power Block  

rad  Radiation   

rec,ap  Receiver aperture  

rec,in  Receiver inlet or incident on receiver  

rec,out  Receiver outlet  

rec,sur  Receiver surface  

rec,tube  Receiver tube  

ref  Reflection   
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s  Solid phase  

shadow  Shading   

spill  Spillage   

t  Total storage system  

w  Receiver wall  

Abbreviations 

CST  Concentrated solar thermal  

CSP  Concentrated solar power  

EU  European Union  

NREL  National Renewable Energy Laboratory  

SAM  System Advisory Model  

SPT  Solar Power Tower  

PTC  Parabolic Trough Collectors  

TES  Thermal energy storage  

DNI  Direct Normal Irradiation  

PB  Pay back period or Power Block  

NPV  Net Present Value  

    

 

 

  



Diploma Thesis - Nikolaos Tziris 

 

12 March  2021 

1. Introduction 

1.1 Solar Energy  

Solar energy comes from the sun, which is a sphere made up of hot gaseous matter and plasma 
with a diameter of 1.39∙ 109 is equal to 5,760 K. The total energy produced in the form of 
radiation by the nuclear fusion reactions that take place in its mass, amounts to 3,8∙1020 MW. 
This energy is equivalent to 63 MW / m2 of its surface. This amount of energy is radiated in all 
directions. However, the Earth, which is at a distance of 1.5∙108km, receives only a very small 
percentage of this energy equal to 1.7∙1014 KW. However, even with this small percentage, the 
radiation that falls in space is calculated. 84 minutes is equivalent to global energy demand. 
 

Solar irradiation, after traveling in space, enters the Earth's atmosphere through the ionosphere. 
From the radiation that enters the atmosphere, a portion of that radiation is absorbed by the 
clouds and the various elements in the Earth's atmosphere. A significant part is reflected back 
into space (about 50%) and a part eventually reaches the earth's surface. The Earth's rotation 
around its axis results in changes in the intensity of solar radiation during the day for a specific 
location. As a result the presence of atmospheric and climatic phenomena that occur in it, have 
the effect of weakening the nature of the initial solar radiation. 
 
The combination of optical phenomena such as reflections, absorption, refraction and scattering 
implies the formation of highly dynamic levels of radiation in any area of the Earth. In addition, 
due to the clouds in the atmosphere, as well as due to the scattering of sunlight, the total 
radiation that falls anywhere on Earth is a combination of diffuse and direct radiation. 
 
Direct Normal Irradiance ,DNI is the part of the solar radiation that reaches the Earth directly 
from the Sun, without scattering in the atmosphere. Knowledge of the values of this radiation, 
both on an hourly and annual basis, is essential for the study of concentrated solar systems. , as 
these can only be exploited radiation of this form. 
 
Diffuse normal irradiance is the part of the sun's radiation that reaches the Earth after scattering 
and change of direction, along the path in the atmosphere. Diffuse radiation is what provides us 
with daylight and without which the sky would look black. 
 
In northwestern Europe, about 50% of the radiation is diffuse and the rest is direct, on an annual 
basis. It is worth noting that systems designed to develop high temperatures are based on direct 
radiation. At the same time, the concentrated solar systems that will be presented later cannot 
take advantage of the diffused radiation. 
 
All concentrating solar power (CSP) technologies use a mirror configuration to concentrate the 
sun’s light energy onto a receiver and convert it into heat. The heat can then be used to create 
steam to drive a turbine to produce electrical power or used as industrial process heat. 
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Concentrating solar power plants can integrate thermal energy storage systems so that they can 
be used to generate electricity during cloudy periods or periods after sunset and before dawn. 
.This ability to store solar energy makes concentrating solar power a flexible source of renewable 
energy. CSP systems can be also coupled with combined cycle power plants resulting in hybrid 
power plants which provide high-value, dispatchable power. They can also be integrated into 
existing thermal-fired power plants that use a power block like CSP; such as coal, natural gas, 
biofuel or geothermal plants. 
 
CSP plants can also use fossil fuels to supplement solar production during periods of low solar 
radiation. In that case, a natural gas-fired heater or a gas steam boiler/reheater is used. There 
are four types of CSP technologies, with the earliest in use being Parabolic Trough Collectors, 
and the fastest growing being Solar Power Tower. For each one of these, there are multiple 
design variations and different constructions, depending on whether thermal energy storage is 
included, and which methods are used to store solar heat [1], (Karellas & Roumpedakis, 2019) 
[2]. 

1.1.1 Parabolic Trough Collectors 

A parabolic-trough collector (PTC) is a linear-focus solar collector, basically composed of a 
parabolic-trough-shaped concentrator that reflects direct solar radiation onto a receiver or 
absorber tube located in the focal line of the parabola. The larger collector aperture area 
concentrates reflected direct solar radiation onto the smaller outer surface of the receiver tube, 
heating the fluid that circulates through it. This is the time when the solar radiation is 
transformed into thermal energy in the form of sensible or latent heat of the fluid. This thermal 
energy can then be used to drive either industrial processes demanding thermal energy (e.g., 
food industry, petro-chemical industry, etc.) or Rankine cycle power plants to produce electricity 
with a steam turbine. 

With current technology, Parabolic Trough Collectors (PTC) can deliver useful thermal energy up 
to 398 °C. The main limitation on the maximum temperature is imposed by the thermal oil 
currently used as the working fluid, because it quickly loses its properties above 398 °C. 
However, research in new fluids promises higher temperatures up to 500 °C in the near future 
(Moya, 2021) [3] . 
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Figure 1-1.Source: Solar Cooling Technologies (Karellas et al. 2018)[4] 

1.1.2 Solar Power Tower 

A solar power tower plant consists of a tall tower supporting a heat receiver surrounded by 
heliostats that focus the rays of the Sun onto the receiver. The heliostats are each fitted with a 
solar tracking system so that they can track the Sun across the sky during the time of the day. 
Also called point focusing solar concentrators, these plants can achieve concentration ratios of 
up to 1000. Solar towers often include thermal storage using molten salts, usually nitrates, as 
heat transfer fluid, which allows them to generate electricity around the clock. Other 
configurations use direct steam systems. More complex pressurized gas systems have also been 
proposed using a gas turbine in a hybrid generating system [1]. 



Diploma Thesis - Nikolaos Tziris 

 

15 March  2021 

 

Figure 1-2.Rendering of Copiapo in Chile [5]  

 

1.1.3 Fresnel Reflectors 

Linear Fresnel Reflectors are solar concentrating constructions with concentration ratio 
between 10 and 50. The LFR has its reflectors placed close to the ground. This structure makes 
the mechanical challenges due to wind load to be low. Furthermore, the land usage is low due 
to this particular concentrating technology. The LFR receiver is static and located some meters 
above the ground. Usually, it is mounted on a tower with a typical height of 10-15m (Karellas & 
Roumpedakis, 2019) [4]. It needs to be mentioned that LFR has a lightweight supporting system 
which make the collector cost to be relatively low. The receiver of the LFR has usually evacuated 
tube collector coupled to a secondary concentrator. The secondary concentrator has a parabolic 
shape which is usually a compound parabolic concentrator (CPC). Another conventional 
structure is with trapezoidal cavity receivers with many tubes inside. The primary reflector can 
be flat or curved.  The flat reflectors are cheaper but instead introduce higher optical losses. The 
curved mirrors have a parabolic shape and can increase the overall optical efficiency. The cost 
is higher in this occasion because curved mirrors are needed. About the working medium 
water/steam is a usual choice for production of superheated or saturated steam. This steam can 
be used directly in the turbine of a Rankine Cycle or for an industrial process. Also, thermal oils 
such as Therminol VP-1are used for several thermal applications up to 400oC.A technical 
challenge related to this construction is the optimization of reflectors allocation to minimize 
shading and blocking. Thus a compromise has to be made between increasing  mirror’s spacing-
larger total plant area- and increasing the tower height’s which result in higher cost (Bhatia, 
2014) [6],[7]. 
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Figure 1-3.Fresnel Reflector (Gouthamraj et al., 2013) [8] 

 

1.1.4 Solar Dish 

Energy production plants with systems of solar dishes consist of a number of autonomous 
“dishes”. Each and every one of them has nominal output of some kW and uses mechanism of 
detection for better sun tracking. Due to the geometry of the concentrator these kinds of 
systems succeed very high concentration ratios that reach up to 3000, and thus very high 
temperatures in the absorption system can      be accomplished. Solar dishes are characterized 
by very high efficiency during the conversion of solar power to electricity. An autonomous solar-
dish consists of: 

 Solar concentrator 

 Solar receiver 

 Power conversion unit (Stirling machine etc.) 

The solar concentrator, or dish, gathers the solar energy coming directly from the sun. The beam 
of concentrated sunlight, is reflected onto a thermal receiver that collects the solar heat. The 
dish is mounted on a structure that tracks the sun continuously during the daylight to reflect the 
highest percentage of sunlight possible onto the thermal receiver. 

The power conversion unit includes the thermal receiver and the engine/generator. The thermal 
receiver is the interface between the dish and the engine/generator. It absorbs the concentrated 
beams of solar energy, converts the energy to heat, and transfers the heat to the 
engine/generator. A thermal receiver can be a bank of tubes with a cooling fluid—usually 
hydrogen or helium—that typically is the heat-transfer medium and also the working fluid for 
an engine. Alternate thermal receivers are heat pipes, where the boiling and condensing of an 
intermediate fluid transfers the heat to the engine. 
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The engine/generator system is the subsystem that takes the heat from the thermal receiver 
and uses it to produce thermal to electric energy conversion. The most common type of heat 
engine used in dish/engine systems is the Stirling engine. A Stirling engine uses the heated fluid 
to move pistons and create mechanical power. The mechanical work, in the form of the rotation 
of the engine's crankshaft, drives a generator and produces electrical power [9], (Karellas & 
Roumpedakis, 2019) [4]. 

 

 

Figure 1-4.Source: Solar Cooling Technologies (Karellas et al. 2018) [4] 

 

 

1.2 Solar Power Tower 

Stations with solar power towers can efficiently achieve high temperatures because of the high 
concentration ratios they can achieve, using different configurations of the collector field and 
receiver. That kind of stations consist of: 

 Heliostat field 

 Heliostat receiver at the top of the tower 

 System of Electricity Production 

 Storage System (Thermal) 
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1.2.1 Heliostat field 

As heliostat field we can consider a construction with many heliostats  
each of which on a visually independent axis with the main receiver of the tower. All heliostats 
in the solar field must reflect the sun’s rays in such a way that each solar panel places its surface 
perpendicular to the bisector of the angle defined by the position of the sun and the solar 
receiver. Heliostat field along with the receiver are the most significant components of the solar 
power tower system, accounting in total for a 70% of the investment cost [4]. Each heliostat 
consists of the following elements (Κακαράς, Ε., & Καρέλλας, Σ.) (2015) [2]: 

 Reflective surface 

 Support system and drive mechanism 

 Control system 

The reflective surface of a heliostat consists of a big number of panels which can create a 
reflective area of up to 150m2. The design is being done with the aim of creating a surface, which 
allows the highest possible reflection with the least weight of the construction. This is being 
done due to the willing not to harm the two-axis movement of the heliostat. In order to minimize 
the cost of the heliostats some theories have been developed. 

First of all, the initial approach had as a target to raise the reflective surface with the use of 
curved surfaces made out of a big number of reflective sub-surfaces, 3 -6 square meters.  
Actually, the increase in the size of reflective surfaces leads to the reduce of the total cost of the 
heliostat, because the cost of the subsystems of it does not increase linearly with the reflective 
surface, due to the economies of scale. However, the above advantage of solar surfaces was 
limited by the increase of optical losses and their cleaning issues. 

 

 

Figure 1-5. Components of an heliostat (Pitz-Paal,2007) [10] 
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Another technology that was developed, uses new lighter materials such as reflectors from 
polymers and composite materials for the construction of heliostats with strained membranes. 
Last but not least, BrightSourceEnergy company constructs heliostats consist of two pieces of 
reflective surfaces 14.4 m² in total aiming in high performance, less weight and cheaper 
construction cost. 

The support system of heliostats consists of steel pillars in the shape of tau, which are embedded 
in the ground, constructed to endure the weight of reflective surface. The support system allows 
the movement of reflective surface in two individual’s axes for the optimization of the position 
of heliostat every single moment. 

The tracking mechanism of heliostats is responsible for the independent movement both in 
terms of azimuth angle and in terms of lifting angle so as the reflective surfaces can follow the 
position of the sun and reflect the incident solar radiation in the receiver point. 

1.2.2 Solar receiver 

The receiver is located at the top of the tower. The height of the tower is a function of the scale 
of the solar field. High solar towers allow to the heliostats that are positioned at a great distance 
from the tower to reflect their solar beams to the receiver.  

The receiver is actually a specially designed heat exchanger which receives uneven intermittent 
heat flow. That flow can take place in a specific region or in the whole surface of the receiver. 
That depends on the design of the construction. The scale of the receiver is determined by the 
max flow thermal flow that is going to enter, in a specific period of time. Through the receiver 
conversion of solar energy to thermal energy takes place, which can be used in the conventional 
thermodynamic cycles for the production of electricity. The thermal flow and the temperatures 
that are being developed in the receiver are higher than those on parabolic trough collectors 
and thus state of the art materials have to be used for its construction. The receiver has to have 
ideally the behavior of blackbody in order to manage to eliminate radiation losses. To achieve 
this in the construction of the receivers are used cavities, pipes with black painting or porous 
absorbent constructions which can trap the escaped photons. 
 
Type of receivers: 

 Tubular receiver 
With geometric criteria’s tubular receivers have two basic categories.  

i. External Receivers: The external receivers are usually made out of cylindrical tubular 
panels which are typical solutions for cases in which the heliostat field surrounds the 
tower. That kind of systems had been used in USA in Solar One and Two projects and 
in some experimental cases in Europe and Japan. 
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Figure 1-6. External Receivers fluid flow (Zheng et al., 2015) (11) 

 

ii. Cavity receiver: In cavity receivers the reflected from heliostats radiation comes 
through an opening in a cuboidal construction before it hits in the surface of the heat 
exchanger. Due to geometrical limitations these kinds of receivers are used in North (or 
South) constructions of heliostat field (Themis project in France, IEA-SSPS-CRS project 
in Spain). 

 

Figure 1-7.Basic elements of a cavity receiver (Tiryaki & Camdali, 2017) [12] 
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 Volumetric receiver 
They have great application prospect due to the simple structure; high thermal efficiency and 
the air exit temperature can reach above more than 800 ⁰C. The porous material is used instead 
of tube as absorber in volumetric solar receivers to heat the working medium, and the incident 
radiation can be absorbed gradually from outside to inside (Liu et al., 2018) [13]. The most 
commonly applied Heat Thermal Fluids are: 

 Water (The receiver works as steam generation system) 

 Molten Salts 

 Air 

Typical operational values of the receivers are between 500 oC and 1200 oC, and the typical 
thermal inlet flow is between 300 kW/m2 and up to 1000kW/m2. 
 

1.3 Storage in CSP  

Due to the major drawback of the of solar energy which is temporary, Thermal Energy Storage 
(TES) can be coupled with concentrating solar power CSP so as to offer energy dispatchability to 
adapt the electricity power production to the curve demand. Up to date, all the TES sub-units 
are based on a unique technology initially developed in Themis-France. The so called “two- tank 
molten salt technology” is composed of two separated tanks in which all the molten salt (mixture 
of nitrate salts) used at the same time as HTF and thermal storage material can be stored at the 
two temperature levels. The molten salt stores the thermal energy by changing its temperature 
and this procedure is called sensible heat approach. During the sunny hours of the day the 
heliostat field via tower gives heat power which is shared between the TES unit and the power 
block. When the produced heat power in less than the nominal that is needed to feed the power 
generation circuit the TES unit offers stored power in order to balance the deficit. Therefore, 
using the TES unit, the power block of the plant is fed at nominal power and delivers a constant 
electric power to the grid. As the basic binary eutectic “solar salt” made of NaNO3 and KNO3 
presents a solidification temperature of 250oC, the different equipment has to be maintained 
above this critical temperature to avoid any plug according to (Patel et.al) [14]. 
 
In order to avoid this kind of state huge efforts were done to find suitable mixtures of molten 
salts with lower solidification temperatures. An example can be the Themis project in France 
were a mixture of NaNO2/KNO3/NaNO3 with a solidification temperature of 142 oC. The mixture 
issue is under study despite its optimistic aspects. 



Diploma Thesis - Nikolaos Tziris 

 

22 March  2021 

 

Figure 1-8. The Themis Solar Power Tower in the Eastern Pyrenees, France (Patel & Choksi, 2015) [15]  

The major efforts are now have turned into replacing the two-tank storage system with one tank 
where the hot salt mixture would be due to its density at the top of the tank and the cold mixture 
at the bottom. In this “thermocline” approach, the mixtures are divided naturally. This will have 
as a result the reduce of overall cost of the TES unit by (30%) by using a single tank. 

However, heat transfer by diffusion at the interface between the two temperature levels 
reduces the thermal efficiency. During the charging period, the coldest salt fraction is pumped 
at the bottom of the tank to be heated by the solar field through a heat exchanger and to go 
back to the top of the TES tank. During the discharging period, the hottest salt fraction is pumped 
at the top of the tank to supply the power block and the resulting coldest salt is fed back at the 
bottom of the tank (Py et al., 2017) [16]. 
 

1.4 Power generation cycles 

As electric energy production cycles can be considered: Clausius-Rankine cycles which will be 
analyzed subsequently, Kalina cycle, Strirling Cycle, Joule cycle and combined circles. 

Kalina thermodynamic circle is accomplished with the use of ammonia-water mixture. The 
mixture is zeotropic. That means that temperature and composition of the mixture are changing 
during the vaporization for all the possible composition of the mixtures. During the process of 
this cycle the mixture of NH3-H2O is being heated isobarically, until it reaches to a specific 
temperature. When temperature reaches to the boiling point, the mixture starts vaporization. 
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While the mixture continuously heating, it is separated to its components. As a result, the steam 
which have separated is richer in ammonia, rather than the rest liquid mixture. Now the steam 
(rich in ammonia) is superheated and uses its energy in the turbine and as a result to the 
generator and after that is absorbed from the weak current of NH3-H2O with heat abortion [2]. 

 

Figure 1-9. Kalina Cycle, Power and Cooling Production at the same time (Rivera et al., 2020) [17] 

 

Joule thermodynamic cycle can be shown below. Ambient air is compressed in the compressor 
until it reaches a pressure between 8 and 32 bar. Due to the compression the air is heated 
between a temperature of 300 ⁰C and 650 ⁰C. By adding fuel in an adiabatic chamber, the 
exhaust gases enter the turbine of the construction with a temperature of 800-1500 oC. This 
temperature as also in the steam turbines is limited by the materials that turbine is constructed. 
Finally, the exhaust gas is abandoned in the environment between the temperature of 440 ⁰C 
and 620 ⁰C. The exhaust gas provision and its temperature before it enters the turbine are 
significant numbers in order to calculate the efficiency of the gas turbines. The turbine in a gas 
turbine construction is in the same shaft with the generator and the compressor [2]. 
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Figure 1-10.Gas Turbine parts and procedures (Cengel & Boles, 2008)    [18] 

 

1.4.1 Water-steam Rankine cycle 

The thermodynamic Clausius-Rankine cycle for water-steam can be shown on the bellow 
scheme. In the beginning the water is pumped from low to high pressure. The simple ideal 
Rankine Cycle [2]: 

 Process 1→2: The water is pumped from low pressure to high pressure. In this stage 
the water is in liquid state so it needs less energy. 

 Process 2→3: The high-pressured liquid is inserted into the boiler where it is heated 
in constant pressure until it reaches a superheated vapor state. The input energy 
required can be easily calculated graphically, using an enthalpy–entropy chart (h–s 
chart, or Mollier diagram), or numerically, using steam tables. The boiler is practically 
a large heat exchanger where the heat gained from combustion gases, nuclear 
reactors, or renewable energy sources in transferred to the fluid. 

 Process 3→4: The superheated vapor of stage 3 enters the turbine and expands 
isentropically, producing work by rotating a shaft connected to an electric generator. 
The temperature and pressure drops during this procedure to the state 4 where 
steam enters the condenser. At this stage steam is a saturated liquid-vapor mixture 
with a high quality. 

 Process 4→1: At this stage mixture enters the condenser, where in constant 
pressure, it rejects heat in a cooling medium such as lake, river or atmosphere. 
Mixture lives condenser as saturated liquid and enters the pump so as to complete 
the cycle. In some areas the use of water is not preferred in order to cool the mixture, 
due to the lack of it. As a result, air is being used, the so-called dry cooling procedure. 
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Figure 1-11. Water-steam Rankine Cycle and procedures (Cengel & Boles, 2008)   [18] 

 

The actual vapor power cycle differs from the ideal Rankine cycle due to irreversibilities in many 
components. Fluid friction and heat loss to the surroundings are the two common sources of 
them. 

 

Figure 1-12.Difference between ideal and real Rankine cycle (Cengel & Boles, 2008)  [18] 

 
 
Fluid friction of the steam that is leaving the boiler causes the steam to be at a lower pressure 
than the pressure that was calculated in ideal cycle. What’s more the steam pressure that enters 
the turbine is lower than that in the exit of boiler due to losses via piping components. In order 
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to compensate these pressure drops; the water has to be pumped at a higher pressure and thus 
larger pump and larger work input to the pump is needed. 
Another important irreversibility is the heat loss of the steam in components of its surrounding. 
To tackle this problem more heat needs to be transferred to steam through the boiler. As a 
result, the efficiency decreases. 
One more thing we have to take into consideration is that in real cycles the liquid before entering 
the pump is usually sub cooled in order to prevent cavitation in the low-pressure side of the 
pump impeller which may damage it. Additional losses occur at the bearings between the 
moving parts as a result of friction. Steam can also escape during the cycle but also air can be 
inserted in it on the condenser. Last but not least, the power that is being consumed by auxiliary 
systems of the cycle should also be taken into consideration when we are “measuring” the 
efficiency of the plant. 

1.4.2 Organic Rankine cycle 

The organic Rankine Cycle is similar to the Rankine-Cycle with the only difference that instead 
of water-steam medium is used as working medium an organic fluid, which differs in different 
applications. The application and construction of such systems is observed in decentralized 
units, due to the fact that, this particular thermodynamic cycle offers the ability of exploitation 
thermal energy resources of low temperature, in small scale constructions (geothermal plants 
co-production, concentrated solar thermal power plants, small scale biomass power plants etc.) 
A very important factor that has to be taken seriously during the design of an ORC system, is to 
choose the right, environmentally acceptable organic fluid and its thermodynamic design so as 
to achieve high thermal efficiency. Below are presented some saturation curves of different 
working mediums [2]. 

 

Figure 1-13. T-s diagram for steam and different organic fluids (Quoilin, n.d.) [19] 
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The choice of the working fluid is determined mainly from the heat output temperature in the 
circle. Apart from the thermodynamic parameters of the working fluid someone needs to keep 
in mind some environmental parameters such as flammability, corrosiveness and toxicity. 

The most significant parameter to choose working fluid is about its environmental performance 
which is determined by the effect of it to the ozone layer (Ozone Depletion Potential, ODP) 
according to the directive 2037/2000 EU and the Global Warming Potential (GWP) which is the 
potential of the fluid to overheat the planet, according to 842/2006 EU. 
 

Table 1-1. Different working medium properties  (Quoilin, n.d.)[19] 

Working 

Medium 
Τc[oC] Pc[bar] Ts,1[oC] Ps,20oC[bar] 

R134a 101.8 40.6 -26.4 5.7 

R227ea 101.8 29.3 -16.6 3.9 

R236fa 129.9 32.0 -1.8 2.3 

R245fa 154.0 36.5 14.8 1.2 

R141b 204.4 42.1 31.7 0.7 

R365mfc 186.9 32.7 39.8 0.5 

cyclohexane 280.5 40.8 80.3 0.1 

 

1.5 Solar Power Towers review 

1.5.1 Ivanpah Solar Electric Generating system 

The Ivanpah Solar Electric Generating System is a concentrated solar thermal plant in the desert. 
It is placed at the place of Clark Mountain California, across the State Line of Primm, Nevada. 
The gross capacity of the plant is 392 MW and the net turbine capacity is 377MW [21]. It consists 
of 173,500 heliostats each and every one of them focusing solar energy on boilers located on 
three centralized solar power towers. The plant started it’s functioning on February 2014 
although connection test to the grid were placed in the plant from September 2013. 

The initial cost of the facility was 2.2 billion USD and the project was developed by the 
BrightSource Energy and Bechtel. Despite the initial design which was about to build a 440MW 
plant the actual project scaled down to 377 MW due to environmental aspects which are about 
to be developed subsequently. 
 

https://en.wikipedia.org/wiki/Concentrated_solar_thermal
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Figure 1-14. The Ivanpah Solar Electric Generating System [20] 

The turbine that was linked to the generator was a 123 MW Siemens SST-900 single-casing 
reheat turbine [22] Siemens also supplied instrumentation and control systems [23]. The plants 
use BrightSource Energy's "Luz Power Tower 550" (LPT 550) technology [24] which heats the 
steam to 550 °C directly in the receivers’. The plant has no storage facility [25]. In order to begin 
its function, the plant has to use Natural Gas. In 2014 the plant burned 254GWh of natural gas 
emitting 46084 metric tons of carbon dioxide, which is nearly twice the pollution threshold at 
which power plants and factories in California are required to participate in the United States 
emissions program to reduce carbon [26]. 

If that fuel had been used in a Combined Cycle Gas Turbine (CCGT) plant, it would have 
generated about 124 GWh of electrical energy [26]. The facility used that gas plus solar energy 
to produce 419 GWh of electrical energy (more than four times that of the referenced CCGT 
plant). The total construction of plant consists of 3 units. The units 1 and 3 produce 640GWh/yr 
and unit 2 produce 336Gwh/yr. One heliostat mirror is 7.02 m2 reflecting surface [26], giving a 
total of 14.05 m2 per heliostat because each heliostat consists of 2 pieces. The total plant 
heliostat reflecting surface results in 173500 heliostats × 14.05 m2/heliostat = 2437144 m2. If 
the mirrors could always be perpendicular to sun's ray, based on irradiance, the intercepted 
solar energy flow is 2717 MWh/m2/yr × 2437144 m2 = 6621720 MWh yearly. 

The height of the tower is 140m [25]. The type of the receiver, is solar receiver steam generator. 
As a result, the steam is generated in the receiver and then it is forwarded in the turbine. The 
inlet temperature in the receiver is 248.9oC and the outlet temperature is 565.6oC. 
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Last but not least, the power cycle pressure is calculated to 160 bar and the method of cooling 
the water-steam mixture that comes out of the turbine is air (dry cooling). 

1.5.2 Crescent Dunes Solar Energy project 

The Crescent Dunes Solar Energy project is an 110MW solar thermal power project with 
1.1gigawatt-hours of energy storage located near Tonopah, about 310 km northwest of Las 
Vegas. Crescent Dunes was the first concentrated solar power (CSP) plant with a central receiver 
tower and advanced molten salt energy storage technology from Solar Reserve. 

It was developed by SolarReserve and owned by Tonopah SolarEnergy. The initial cost of the 
construction was 975 million USD 2015 values, corresponding to 1,015milion USD of 2017.This 
has a result of 8,864 USD/KW in 2015 values or 9,227 KW 2017 values. The heliostat solar field 
has an aperture area of 1,197,148 m², molten salt is used as heat transfer fluid, the receiver inlet 
temperature is 288 ⁰C, and the receiver outlet temperature is 565oC.The plant has TES and no 
initial ignition by NG. The TES has 2 tanks which gives storage capacity of 10 hours. The Rankine 
power cycle has a maximum pressure of 110 bar. 
 

 

Figure 1-15. Crescent Dunes solar power tower project [5] 

The project started operation in November 2015.While the planned electricity generation was 
500,000MWh/year (CF 51.89%) the “real” electricity that was produced in 2016 was only 
127,308 MWh/year. This particular year the plant was operated 10 months from January to 
October. In October 2016 the plant was shut-down due to a leak in Molten Salt tank and 
returned to operation in July 2017. Using the actual production of 2016, the capacity factor is 
only 13% (Boretti et al., 2019) [27]. The extra thermal energy is stored in the molten salt and can 
be used to generate power for up to 10 hours, when the direct sunlight is not available. The 

https://en.wikipedia.org/wiki/Concentrated_solar_power
https://en.wikipedia.org/wiki/Molten_salt
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storage technology eliminated the need of additional fossil fuels such as natural gas. In order to 
melt the working medium (salt) it took 2 months and about 32,000,000kg of it. Once it is melted 
it stays inside the plant for all its lifetime and is being cycled and reheated in the receiver [28]. 

Maximum actual energy output that accounts for maintenance (i.e., capacity factor) was re-
estimated at 500 GWh annually, though the highest producing year thus far, 2018, only attained 
40% of that [5]. Crescent dunes began its operation in September 2015 but went off-line in 
October 2016 due to a leak in a molten salt tank. It returned to operation in July 2017. Its average 
monthly production was about to exceed 40,000MWh until its last performance on May 2019 it 
never reached that value. Below can be observed the generation in MWh of Crescent Dunes 
Solar energy for different months between 2015 and 2019. 

 

Figure 1-16. Generation in MWh of Crescent Dunes for different months between 2015 and 2019 [29] 

Despite the good aspects of this project in May 2019 the plant shut down because NV Energy 
who was responsible for the purchase of the electricity generated, broke the contract due to 
the lack of the plant to achieve the production that was firstly agreed. 

1.5.3 Ashalim power station 

The Ashalim Power station is a solar power station in the Negev desert south of the district of 
Beersheba in Israel. The electricity production began on September 2019. It has the tallest tower 
in the world including the boiler which reaches the height of 250 meters with the receiver’s 
height being ~17m and receiver’s diameter being ~20m. It is a 121 MW project including 55,000 
heliostats. The installed capacity is enough to power 120000 homes. It is said that it will avoid 
110,000 tons of CO2 each year during its lifetime [20]. It produces 320 GWh of energy per year. 
The solar tower uses molten salt to allow the plant to operate for up to 4.5 hours with the 
absence of the solar radiation. The initial cost of the project was nearly 570 million USD and a 
joint venture of BrightSource Energy Inc. and Alstom SA. 
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Figure 1-17. Ashalim biggest world tower and heliostat field [30] 

1.5.4 Quarzazate Solar Power Station 

Quarzazate Solar power station (OSPS) also called Noor Power Station is a solar power complex 
located in Morocco, 10 km from Quarzazate town, in Ghessat rural council area. At 510 MW is 
the world’s largest CSP. From these MW only 150Mw are about solar power tower with 7.5 
hours capacity storage. The Characteristics of Noor III can be described in the below table 
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Table 1-2. Basic Characteristics of Noor III station (Relloso & Gutiérrez, 2017) [31] 

 

Parameter 
Value 

Tower height 
250 m 

Mirror aperture area 
1,3 Mm2 

Number of heliostats 
7400 

Heliostat type  
HE54 

Solar Field Area 
550 Ha (5,5 km2) 

Turbine gross Power 
150MWe 

Receiver Thermal Power 
660MWth 

Storage Capacity 
7.5 h 

Cycle Cooling 
Dry, Air Cooled Condenser 

Molten Salt Maximum 
565oC 

CO2 Saving 
130,000 tons/year 

 

Vivid research upon solar towers in Ashalim has been done in order to investigate how effective 
the tower can work in cloudy conditions. In order to achieve stable and high-performance 
operation in cloudy days, spatial high resolution direct normal irradiance (DNI) measurement is 
vital for the control of flux in CSP towers. In Ashalim solar power plant, the Solar Receiver Steam 
Generator (SRSG) consists of 24 different targets each and every one of them having different 
load requirement and flux density limitations. That’s why an exact and accurate heliostat aiming 
plan is required to properly use each heliostat. 

In the solar field the control of a heliostat and therefore the load that can provide depends on 
both constant and transient parameters. Constant parameters can be heliostat’s size, angle and 
distance from the receiver. Transient parameters can be considered heliostat’s and sun’s 
orientation and the DNI. From bibliography, can be elicited that when DNI drops solar field can 
compensate by using more heliostats, thus maintaining stable load. However, in this case, 
variations in the DNI can cause local overheating of the receiver causing permanent damage. If 
the exact DNI of each heliostat is ignored, a maximum number of DNI in order to avoid 
overfluxing of the receiver need to be assumed. This has a result of underutilization of solar 
irradiance and under performance during cloudy conditions. On the contrary, if DNI can be 
calculated with other more exact solutions, solar irradiance and solar field can be utilized in 
better ways. 
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In Ashalim each of the installed heliostats is unwired and uses a small Photovoltaic unit (PV) 
charging a battery which provides all the energy the heliostat need to operate (Minis et al., 2019) 
[32]. The new idea of DNI measurement uses this PV unit as a local isolation sensor. If these 
measurements are combined with some fixed sensors in the field, the short-circuit current that 
is measured by this PV cell is translated to the DNI available for each heliostat. 

 

Figure 1-18. PV is shown on the top left of the heliostat (Minis et al., 2019) [32] 

 

The transition from PV to DNI is based on the idea that small-circuit current on PV is proportional 
to the effective irradiance at the PV plane and that the irradiance is a sum of the direct, the 
diffusive and ground-reflected irradiance projected on the PV plane. 

f∙ Ipv = Ib ∙cos cos (θ)  + Id ∙
1+sinsin (β) 

2
+ Ig ∙

1−sinsin (β) 

2
 (1) 

 

Ipv is the PV short current (mA) 
Id is the diffusive irradiance(W/m2) 
Ig is the ground reflected irradiance (W/m2) 
β is the elevation angle of the heliostat, where 0o means it is vertical and 90o means it is 
horizontal 
θ is the angle between the orthonormal vector of the heliostat’s plane and the normal vector of 
the sun 
f is the proportion constant factor to convert from irradiance on the PV panel to short-circuit 
current. (f depends on the properties of PV panels and may differ from one to another; f is a unit 
converter from mA to Watt.) 
 

The angles β, θ and the PV current Ipv are known and collected from the solar field heliostats 
during real time operation. The irradiance that is being reflected from the ground can be 
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predicted, by good approximation, to be isotropic and calculated as Ig=ρ*G*H*I where ρ =0.3 in 
desert sand soil (Ineichen et al., 1990) [33]. 

When there are no clouds Ib can be retrieved from dedicated sensors located in the solar field 
central weather station. What’s more when the sky is clear DNI is even enough across the solar 
field area. It needs to be mentioned that when the sky is cloudy the diffusive radiation is uniform 
across the solar field area. Thus, Id can be found from Pyranometer instruments placed at the 
boundary of solar field. 

This has a result of only unknown f when the sky is clear and in this way can be found. Later, 
when the sky is cloudy f can be used to solve for Ib: 

Ib =
(f ∙ Ip − Id ∙

1 +sin sin (β) 
2 )

cos (θ)
 (2) 

In the process that is described above there are some inaccuracies that can occur. A significant 
one is sensor inaccuracies and one more is model inaccuracies due to oversimplification of the 
phenomena involved. Below can be detected the 3 types of solar radiation measurement 
instruments that were used in Ashalim: 

 

Figure 1-19. Epply Model sNIP Pyrheliometer in Ashalim (Minis et al., 2019) (Minis et al., 2019) [32] 
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Figure 1-20.Pyranometer, used to measure the global irradiance, leveled on a horizontal plane in Ashalim 

(Minis et al., 2019) [32] 
 

 

Figure 1-21. A patented instrument that can measure global and diffused insolation. 4 SPN1 instruments are 

installed, in the 4 corners of the perimeter of the solar field (Minis et al., 2019) [32] 

1.5.5  Khi Solar One 

Khi solar One is a solar thermal power station located in the Northern Cape region of South 
Africa. Khi Solar One has a 50MW installed capacity and is the first solar power plant in Africa. It 
aims to deliver 186 GWh per year that will prevent approximately 183,000 tons of CO₂ emissions 
per year and will support with energy 45,000 households. The height of the tower is 205 m and 
30 meters in diameter at the top and 40 m at the base. The solar field covers more than 576,800 
m2 and allocates 4530 mobile heliostats with a curved reflective surface to concentrate solar 
radiation on a receiver at the top of the tower. 
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Figure 1-22. Khi Solar One Power Cycle [34] 

The solar receiver consists of a series of tube panels operating at high temperature and reusing 
pressurized water. The steam produced is partially stored in storage tank located partially at the 
top of the tower in order to be used when not enough steam is generated. What is left is being 
sent in a turbine to generate electricity. This construction consists of two different receivers. 
The first receiver (evaporator) converts water to steam which is led into the second receiver 
where steam is reheated thus allowing reaching higher temperatures (540oC at 130 bar) and 
increasing the efficiency of the power cycle. Despite the modern trend to store energy with 
molten salts Khi Solar One uses its superheated steam to store energy up to 2 hours and in tanks 
of 247 m3. 
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Figure 1-23. Scheme of 50 MW Khi Solar One plant with steam accumulator TES system (Falcoz et al., 2018) 
[35] 

1.6 Thesis scope 

This study aims to examine from both an energetic/exergetic as well as an economical point of 
view the operation of a coupled system of solar power tower, thermal energy storage, and 
power plant and identify its viability as an application in four different climate zones of Greece. 

In the next chapters are going to be addressed the below questions: 

 How the 3 different parts can be modelled in order to work properly as a unity and 
give results?  

 How efficient from an Energy and Exergy point of view is the coupled system? 

 What is the total capital cost of the whole investment but also the economic indexes 
for such a project? 

 How applicable is the model that will be created in the regions of Greece? 

In order to answer to all these questions a thorough analysis is going to be realized. Each single 
model will be coupled to an entire unity which will be implemented in different case scenarios 
in order to find the best match combination of payback period, Net Present Value and Levelized 
Cost of Energy.  
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2. Modelling of Solar Power Tower System 

2.1 Solar Power Tower  

The heat source for the TES and Power Block system comes from the receiver of the Solar Power 
Tower. For the modelling of the SPT and the rest equipment of the plant (Mostafavi Tehrani & 
Taylor, 2016) [36] equations were used. The analysis of the researchers is based on a cavity 
receiver mathematical model which leads to a non-linear equations set, that was solved using 
MATLAB. It is known that the direct sunbeams hit the heliostats and reflect to the cavity receiver 
on top of the tower. Depending on the distribution of the heliostats and distance from the tower 
base each heliostat has its own efficiency. With equation (1) below can be defined an average 
efficiency for the whole solar field. It is made the assumption that the average field efficiency is 
60%.Once the efficiency and the total area of the heliostat field is defined the total incident 
energy on the cavity receiver can be found: 

ηfield = ηcos ∗ 𝜂shadow ∗ ηblock ∗ ηref ∗ ηatt ∗ ηspill (3) 

Qfield = DNI ∗ Afield (4) 

ηfield =
Qrec,in

Qfield
 

(5) 

 

The total energy balance of the molten salt cavity receiver can be written as proposed by (Li et 
al., 2010) [37] and (Benammar et al., 2014) [38].While the heat transfer fluid absorbs energy, it 
is continually lost by different sources such as reflection, conduction, radiation, natural and 
forced convection.   

Qrec,in = Qloss,total + Qabs (6) 

Qloss,total = Qref + Qcond + Qrad + Qnc + Qfc (7) 

ηrec,energetic =
Qabs

Qrec,in
 

(8) 

 

In order to calculate the energy balance of the receiver, an extra equation has been provided by 
Winter et al. [39] where Trec,sur  is the average receiver surface temperature  and Tms is  the 
average temperature of the molten salt in the receiver. Concentration ratio C and view factor Fr 
are constant design parameters while receiver surface area, the receiver aperture area, and the 
total heliostatic field area are parameters that has to be defined. The assumption is made, that 
the width (W) of the aperture is half of the receiver’s aperture height (H). 
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Qrec,in =
Trec,sur − Tms

d0

di ∗ hms
+

d0

2 ∗ 𝜆rec,tube
ln

d0

di

=
Qrec,in

Arec,sur
 

(9) 

Nums = 0.023 ∗  Rems
0.8 ∗ Prms

0.4 =
hms ∗  di

λms
 

(10) 

Rems =
2 ∗ ṁms

π ∗ Νrec,tube ∗ 𝑟i ∗ μms
 

(11) 

Tms =
Trec,out + Trec,in

2
 

(12) 

Fr =
Arec,ap

Arec,sur
=

H ∗ W

Arec,sur
 

(13) 

W = 0.5 ∗  H (14) 

C =
Afield

Arec,ap
 

(15) 

At the design point, the total energy that is absorbed by the cavity receiver is the same that is 
needed to run the Power Block system. This energy, depends on the mass flowrate of the molten 
salt and the Power blocks inlet/outlet temperatures.  It should be mentioned that the Rankine 
cycle inlet and outlet temperatures correspond to the cavity receiver outlet and inlet 
temperatures, respectively. 

Qabs = QPB = 𝑚̇𝑚𝑠 ∗ Cp,ms ∗ (TPB,out − TPB,in) (16) 

Nrec,tube =
4 ∗  ṁms

𝜌𝑚𝑠 ∗ Vmax,ms ∗ π ∗ di
2 

(17) 

According to (Li et al., 2010) [37], the cavity receiver only exchanges heat between the receiver 
surface and the ambient environment, so the radiative heat loss can be found by equation (16). 

Qrad = εavg ∗  𝜎 ∗ (𝑇4
𝑟𝑒𝑐,𝑠𝑢𝑟 − T4

amb) ∗ Arec,sur ∗ Fr (18) 

𝜀avg =
𝜀𝑤

𝜀𝑤 + (1 − 𝜀𝑤) ∗  Fr
 (19) 
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Where σ is Stefan-Boltzmann constant: 

σ = 5.67 ∗ 10−8   W/(m2K4) (20) 

Another great loss of the cavity receivers which is considered to be the highest share of loss is 
the reflection of the incident arrays escaping from the aperture. It is assumed that the receiver 
reflectivity is not temperature dependent so the reflection heat loss can be calculated by 
equation (19). 

Qref = ρ ∗ Qrec,in ∗ Fr (21) 

According to Siebers and Kraabel [40] forced convective heat loss in cavity receivers was found 
to be similar to forced convection loss from a flat plate, if the size of the aperture area and the 
average receiver surface temperature of receiver surface are used in equations (20) and (21), 
(22).Natural convection in the cavity receiver was also considered to be similar to flat plate and 
the empirical correlations in (23) and (24) prove that. The reference length in calculations is the 
height, H. 

Qfc = hfc ∗  (Trec,sur − Tamb) ∗  Arec,ap (22) 

Nufc = 0.0287 ∗ Refc
0.8 ∗  Prair

1/3 =
hfc ∗ H

λair
 

(23) 

Refc = ρair ∗ V𝑤𝑖𝑛𝑑 ∗
H

μair
 

(24) 

Qnc = hnc ∗ (Trec,sur − Tamb) ∗ Arec,sur (25) 

hnc = 0.81 ∗ (Trec,sur − Tamb)
0.426

 (26) 

 
Heat conduction has a minimal effect in the performance of the cavity receivers. There are three 
parallel conductive loss sources: conduction through the insulation layer, through support 
structure and air convection between the insulation layer and receiver panel. 

Qcond =
(Trec,sur − Tins) ∗ Arec,sur

𝛿𝑖𝑛𝑠

𝜆𝑖𝑛𝑠

=
(Tins − Tamb) ∗ Arec,sur

1
ℎ𝑚𝑖𝑥

 (27) 

In the above equation hmix is a combined heat transfer coefficient that can be calculated with 
the bellow formula: 

hmix = (ha
air,fc − ha

air,nc)
1/a

, 𝑎 = 1 (28) 
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Nuair,fc = 0.0239 ∗ Reair,fc
0.805 ∗ (

0.785 ∗ Tins

Tamb
)0.2 ∗ 1.167 ∗ Prair

0.45 =
h𝑎𝑖𝑟,fc ∗ H

λair
 

(29) 

hair,nc = 1.24 ∗ (Tins − Tamb)1/3 (30) 

 

Regarding energetic analysis of the cavity receivers, the exergetic analysis of this component 
can be written as follows (Xu et al., 2011) [41], and (Le Roux et al., 2012) [42]: 

Exrec = Exrec,abs + Exrec,loss + TambṠgen (31) 

Exrec,abs = 𝑚̇𝑚𝑠 ∗ 𝐶𝑝,𝑚𝑠 ∗ (𝑇𝑟𝑒𝑐,𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑐,𝑖𝑛 − 𝑇amb𝑙𝑛
𝑇𝑟𝑒𝑐,𝑜𝑢𝑡

𝑇𝑟𝑒𝑐,𝑖𝑛
) 

(32) 

Exrec,loss = 𝑄𝑙𝑜𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 ∗ (1 −
Tamb

Trec,sur
) 

(33) 

Ṡgen =
−Qrec,in

𝑇𝑠𝑢𝑛
+

Qloss,total

Tamb
+ 𝑚̇𝑚𝑠 ∗ 𝐶p,ms ∗ ln (

𝑇𝑟𝑒𝑐,𝑜𝑢𝑡

𝑇𝑟𝑒𝑐,𝑖𝑛
) , 𝑇𝑠𝑢𝑛 = 5778𝐾   

(34) 

ηrec,energetic =
Exrec,abs

Exrec
 

(35) 

 

In the table below are mentioned thermo-physical properties of solar salt and air used in 
simulations: 

 



Diploma Thesis - Nikolaos Tziris 

 

42 March  2021 

 

Table 2-1. Average thermo-physical properties of solar salt and air used in simulations [36] 

HTF and PCMs 
thermal properties 

Unit Solar Salt Air 

Dynamic Viscosity 
Kgm-1s-1 0.00326 0.00002285 

Density 
Kgm-3 1820 0.88 

Specific Heat 
Capacity 

Jkg-1K-1 1553 1014 

Thermal 
Conductivity 

Wm-1K-1 0.52 0.03 
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2.2 Dynamic Modeling of Thermal Energy Storage System  

Generally, there are different types of heat energy storage systems and thus different scientific 
approaches. A TES system allows exploiting surplus of thermal production during low demand 
periods and using it when high demand occurs. As a result, discharging phase occurs in different 
period than the charging one. Thermal Energy Storage systems can offer environmental and 
economic benefits by reducing the needs for burning fuel and improving the use of cogeneration 
plants. There are mostly three types of storing heat: sensible, latent and chemical heat storage 
[8]. In this diploma thesis sensible heat storage is going to be examined. In this very situation 
thermal energy can be stored by increasing the temperature of a substance, i.e., by increasing 
its internal energy. Sensible thermal energy storage (STES) consists of a container, for example 
a tank, and a storage medium, in this case alumina that operates in temperatures that do not 
permit phase change and breakage of chemical bonds. 

Usually a two-tank construction is used to store sensible thermal energy. In these configuration 
HTF is at the same time transfer fluid and storage medium. The heated fluid is stored in a hot 
tank and used during demanding periods (discharging phase). The cooled fluid is then stored via 
pumps in a cold tank, ‘waiting’, until next charging phase of it. 

Alternatively, a single-tank construction can be used to avoid the empty volumes of the two-
tank configurations in order to reduce investment costs. In this thesis a single tank configuration 
will be used in which a thermocline is maintained within the tank due to buoyancy effect and 
thermal stratification which creates an effective separation between warm fluid at the top and 
cold fluid at the bottom. Single phase solid will be used to fill most of the tank volume, and act 
as primary thermal storage medium (packed bed systems). 

 

In this phase, it is going to be presented the zero-dimensional model which was used for the 
calculations of charging and discharging phase. The model of (Raccanello et al., 2019) [10] was 
used for the below calculations.      

 Zero-Dimensional Model: Also called perfect mixing model is considered as a unique fully 

mixed region having uniform temperature. The dynamic behavior of the storage is 

described by the time steps of the uniform temperature inside the tank and can be 

calculated by solving ordinary differential equations of energy balance. 

 Sensible Packed Bed System: Our tank is filled with no-phase change material (alumina). 

The filler particles are considered homogenous, continuous, isotropic, uniformly 

distributed without temperature gradients. 
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2.2.1 On Design Analysis 

To start with, it is considered that the results of the previous chapter are datum to this chapter 
in order to validate the code model that was created. It is considered that:  
 

 Void Fraction: ε =0.4 

 Diameter of the filler material: dp=0.055 mm  

 Height of the tank: L=10.5 m [43] 

 Diameter of the tank: D=23 m [43] 

 Thickness of insulation: thickness=0.62 m 

 Acceleration due to earth’s gravity: g=9.81 m/s² 

 Density of filler material (alumina): ρ=3550 kg/m³ 

 Density of stainless-steel tank: ρap=8050 kg/m³ 

 Density of molten salt: ρms=1820 kg/m³ 

 Dynamic viscosity of molten salt: μms=0.00326 kg/(m·s) 

 Specific heat capacity of molten salt: Cp=1553 J/(kg·K) 

 Thermal conductivity of molten salt: λms=0.52 W/(m·K) 

In order to calculate the internal convective heat transfer coefficient ai between the storage 
medium and the tank walls the below formula is used:  

D𝑖 = D − 2 ∗ thickness (36) 

 
Where Di is the inner dimension of the diameter of the cylindrical vertical tank.  
 
The heat transfer coefficient, β, is calculated with the assumption of constant pressure: 

β = −
ρap − ρ

ρ ∗ (Tap − T)
 (37) 

Where Tap is the internal temperature of the steel tank and T is the temperature of the fluid 
which is inserted in the tank and had been mentioned in previous chapters as Tf,in. 
 
The kinematic viscosity of the fluid is calculated below: 

ν =
𝜇𝑚𝑠

ρms
 (38) 

The Grashof number need to be calculated in order to find the Nusselt number and finally to 
calculate the ai: 

Gr =
(g ∗ b ∗ T − Tap) ∗ 𝐷3

v2
 

(39) 
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The Prandtl number calculated for the molten salt: 

Pr =
μms ∗ Cp

λms
 

(40) 

The multiplication between Prandtl and Grashof number was calculated and it was found out 
that the flow is turbulent inside the tank so the suitable equation for the Nusselt number will 
be used. 

Nu = 0.13 ∗ (Pr ∗ Gr)1/3 (41) 

The thermal conductivity of the tank shell was set λ=50 W/mK for steel tank. 

ai =
Nu ∗ λ

L
 

(42) 

Now it is time for the (ae) external convective heat transfer coefficient to be calculated. 
In order to calculate βe (heat transfer constant for the external convection) REFPROP of NIST 
program is used. In order to go on with the calculations the properties of air from the Table 2.1 
of previous chapter were used. 

vair =
μair

ρair
 (43) 

Gre =
(g ∗ βe ∗ T − Tap) ∗ L3

vair
2

 
(44) 

Pr𝑒 =
μair ∗ Cpair

λair
 

(45) 

Nu𝑒 = 0.13 ∗ (Pr ∗ Gr)1/3 (46) 

 
Where the L in the above equation is the vertical height of the tank. As a result, the external 
heat transfer coefficient was calculated. 

ae =
Nue ∗ λ

L
 

(47) 

All configurations have a vertical cylindrical geometry. Accordingly, the overall heat loss 
coefficient UA (W/K) is obtained from: 

UA = (
1

π ∗ Di ∗ L ∗ ai
+

ln (
Di

De
)

2 ∗ π ∗ λ ∗ L
+

1

π ∗ De ∗ L ∗ ae
)

−1

 (48) 

  
 
Where L, Di, De are the height, internal and external diameter of the tank respectively. 
 



Diploma Thesis - Nikolaos Tziris 

 

46 March  2021 

In the case of filler material, the heat transfer coefficient between filler material and HTF is 
calculated by the equations of Nusselt number provided in (Wakao & Funazkri, 1978) [44] using 
Reynolds number of particles. 

Nu =
afg ∙ dp

λf
= 2 + 1.1Rep

0.6 + Pr1/3 (49) 

For the spherical geometry of filler particles, the total heat transfer coefficient Afg is calculated 
as: 

Afg = Vs ∙ a (50) 

Where a is the surface area of the particles per unit of volume which is calculated as a function 
of the void fraction ε: 

a =
6 ∙ (1 − 𝜀)

dp
 (51) 

The effective thermal conductivity is obtained by weighing the thermal conductivities of solid 
material and HTF: 

λeff = ελf + (1 − ε)λg (52) 

 

 

 

Figure 2-1. Sketch of the thermal energy storage tank 
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In order to solve the problem of charging and discharging the tank two ordinary differential 
equations were solved. 
 

ε ∗ V ∗ ρf ∗ Cp,f ∗
dTf

dt

= ṁh ∗ Cp,f ∗ (Tfin
− Tf) + ṁc ∗ Cp,f ∗ (Tf,return

− Tf)  − afg ∗ Afg

∗ (Tf − Tg) − UA ∗ (Tf − T0) 

 

 

(53) 

(1 − ε) ∗ V ∗ ρg ∗ Cp,g ∗
dTg

dt
= afg ∗ Afg ∗ (Tf − Tg) 

(54) 

 
Computational iterative method was used to solve the above equation. Particularly, explicit 
finite difference scheme was used. In these kind of schemes the temperature at time n+1 
depends explicitly on the temperature at time n. The explicit finite difference discretization of 
the above equations can be seen below: 

Tf𝑖
𝑗+1 = Tf𝑖

𝑗 +
Dt ∗ ṁh ∗ (Tfin

− Tf𝑖
𝑗)

ε ∗ V ∗ ρf
+

Dt ∗ ṁc ∗ (Tfreturn
− Tf𝑖

𝑗)

ε ∗ V ∗ ρf

−
Dt ∗ afg ∗ Afg ∗ (Tf𝑖

𝑗 − Tg𝑖

𝑗)

ε ∗ V ∗ ρf ∗ Cp,f
−

Dt ∗ UA ∗ (Tf𝑖
𝑗 − T0)

ε ∗ V ∗ ρf ∗ Cp,f
 

 

(55) 

Tg𝑖

𝑗+1 = Tg𝑖

𝑗 +
Dt ∗ afg ∗ Afg ∗ (Tf𝑖

𝑗 − Tg𝑖

𝑗)

(1 − ε) ∗ V ∗ ρg ∗ Cp,g
 (56) 

 
 
Below can be observed that the flow chart of the code that was used to solve the above 
equations and below this very chart, the flow charts of the functions that were used to solve the 
problem. 
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START

mh

mc

Tfin

Tfret

Tfbef

Tgbef

Dt

i<=200

Solver_1(mh,mc,

Tfin,Tfret,Tfbef,Tgbef,Dt)

Tfluid

Tsolid

Tfbef(i+1)=Tfluid

Tgbef(i+1)=Tsolid

i=i+1

END

YES

NO

 
Figure 2-2. Main flowchart that solves the storage tank equations 
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START

Solver_1.m

DATA FROM 

PAPER

RACCANELLO 

ET ALL

Initiallization of 

xo=[Tfbef]

Initiallization of 

matrix help

Fsolve the 

function finsolut 

at xo with 

input(x,help)

Output of 

fsolve 

[xres,fval]

Tf=xres

Tg

Tfluid=Tf

Tsolid=Tg

END

Solver_1.m

START

Solver_2.m

Solve xres at x0 

and return to 

Solver_1.m

Output

xres

END

Solver_2.m

 
 

Figure 2-3. Secondary functions that calls the main program to solve the storage tank problem 
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2.3 Power Plant Modelling  

The power plant construction which is coupled with the Solar Power Tower and TES unit is the 
basic component for the production of electricity through its coupling with the generator and 
then its connection with the grid. The heat of the molten salt that has been gained through the 
receiver of the tower is either transferred directly through the heat exchanger in the power 
block when the TES unit is fully stored or it is driven through the piping system to be stored in 
the thermal storage container. For the modeling of the system water-steam Rankine Cycle Plant 
due to the high temperatures arising from the solar tower. 

For the Power Plant the below assumptions were made: 

• Pth=80% of the produced power in the receiver 

• Cpwater=4.187 KJ/kg 

• Heat exchange: ΔΤ=279 K 

• Condensation Pressure: 0.042105 bar 

• Condensation Temperature: 303 K 

• Mechanical efficiency: ηmech=0.98 

• Electrical efficiency (Generator): ηg=0.98 

• Density ρ of water is calculated in the point before the pumps entrance at 30oC 

• It is considered  ΔΤ𝑐𝑜𝑛𝑑=10K temperature drop at the condenser. 

 

It is needed to be mentioned here, that all the thermodynamic properties in each position of 
the power block were calculated using REFPROP program of NIST (e.g. enthalpy, entropy). 

 

From the energy balance on the heat exchanger the mass supply can be found that is datum to 
the problem:  

ṁms ∗ Cpms ∗ 𝛥T = ṁ ∗ Cp ∗ ΔT  (57) 

 

Where can be determined easily the mass flowrate 𝑚̇ (kg/s) of the water-steam cycle. 

According to the above calculation can be determined the volume flowrate 𝑄̇ (m3/s) 
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From the equation: 

Q̇̇ =
𝑚̇  ∙  3600

ρwater
 (58) 

 

 

Figure 2-4. Schematic diagram of the power plant created for the project 

 

Using the condensation pump at 0,  the pressure is increased from 0.042105 to 6.46 bar before 
entering the connection of the pumps in line. Doing so the phenomenon of cavitation at the first 
pump can be avoided. 

As it can be seen above, the steam is reheated  to the heat exchanger from 41 to 42 at constant 
pressure,  the pressure is lowered to the condenser  and the water is pre-heated before entering 
the heat exchanger in order to achieve better thermal efficiency. 

For the analysis two turbines were used with 3 stages each that can succeed pressure ratios of 
up to 3000 bar. The turbine’s isentropic efficiency is important for the calculations of enthalpy 
in order to create the code for the modeling of the power plant. 

Below can be depicted the effect of number of stages in the isentropic efficiency of the turbine. 
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Figure 2-5 Isentropic efficiency vs. Pressure ratio for different number of stages of turbines  

 

 

Here it needs to be mentioned that the characteristic curve for the pumps that were used, can 
be shown below. Firstly is presented the condensate pump and then the water-feed pumps.

 
Figure 2-6. Characteristic curves and operating point of condensate pump 
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Figure 2-7. Characteristic curves and operating point of 5 feed-water pumps in series  

 

From the energy balance on the pre-reheater can be obtained the mass flow ṁ1 that is drawn-
off from the turbine at the position 6. 

ṁ1 ∗ (h6 − h7) = ṁ ∗ (h1 − h02)  (59) 

In order to calculate the electrical power, produced in kW the below equation is used: 

Pel = [ṁ ∗ (h4 − h41) + ṁ ∗ (h42 − h6) + (ṁ − m1̇ ) ∗ (h6 − h5)] ∗ 𝜂g ∗ ηmech (60) 

From the energy balance on the condenser can be retrieved the mass flow rate of the water that 
comes from the cooling tower. It is assumed that the drop of the temperature of the cycle water 
ΔΤh is at 10 Kelvin. 

ṁw ∗ Cp,water ∗ ΔΤ𝑐𝑜𝑛𝑑 = (ṁ − ṁ1) ∗ (h5 − h0)  (61) 

Last but not least, can be calculated the thermal efficiency of the whole Power Block: 

ηth =
(h4 − h41) + (h42 − h6) +

(ṁ − m1̇ )
ṁ ∗ (h6 − h5) − (h02 − h0)

(h4 − h02) + (h42 − h41)
 (62) 
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2.4 Summary Analysis – Coupling of different parts 

 
In order to sum up the previous analysis that was made, a new code was “born” which can 
produce results for the Gemasolar Plant in Seville. This code will be later used in order to depict 
results for different climate zones in Greece.  
 

 
Figure 2-8. Schematic diagram of the whole construction used for this thesis 

 
Firstly, the flowchart of this code will be presented and then some comments will follow that 
will explain the different scenarios that were made. 
 
First of all, all the matrices are initialized with zeros in order to make the code run faster. A limit 
for the temperature that is driven through the evaporator is taken. It is assumed to be 600K. 
The iterations began with a time step of one hour and are going through a whole year. The 
calculations that are made for each iteration, are based on the equations of Tehrani et al[36] 
and Raccanello et al[10] that were used in the previous chapters. In order to model the whole 
plant and produce electricity four basic scenarios were picked up. In order to be intelligible, the 
symbols i and i+1 are the current and the next time step, respectively. 
 
1st scenario 
If the temperature that comes out of the receiver and is symbolized with (Trec_out) is much bigger 
than the temperature that already exists inside the storage tank (Tf) then, if the (Trec_out) 
temperature is above the limit of 600K the temperature that is reached in the evaporator is the 
(Trec_out). It is then that Rankine_solver  function is called in order to calculate the electricity that 
is produced, the efficiency of Rankine Cycle and the value of heat that is taken from the warm 
current that comes directly from the tower. In the opposite case that the temperature ( Trec_out) 
is lower than the limit, the warm molten salt flow from the solar receiver ends up in the tank in 
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order to raise its temperature and finally the temperature that returns in the receiver and 
symbolized with (Trec_in(i+1)) ,because it represents the next time step, takes the value of (Tfret(i)). 
 
2nd scenario 
Secondly, if the temperature of the tank is  much bigger than the temperature coming out of 
the receiver, and  if it is also bigger than 600K it enters the evaporator (Tfin=Tf) and comes out of 
it with smaller temperature (Tfret) due to the heat exchange that takes place in this part. If it does 
not exceeds the limit, (Tfret) takes the value of (Tfin ) that already existed and the warm fluid that 
comes out of the receiver is headed to the tank in order to raise its internal energy. It is now 
that the function called in order to calculate the temperature of the tank not only for the fluid 
inside but also for the storage medium (alumina).The temperature of the fluid that returns to 
the receiver (Trec_in(i+1)) is equal to the temperature of (Trec_out(i)) the previous time moment. 
 
3rd scenario 
The temperature of the warm fluid that is coming out of the receiver (Trec_out) is higher than the 
temperature of the fluid inside the tank (Tf).In this case the flow is splitted in two currents one 
that is heading to the tank and one that is heading to the evaporator. If the ( Trec_out )is higher 
than the limit then (Tfin) is actually equal to( Trec_out) and the function is called which calculate 
the electricity production, efficiency and the heat absorbed by the evaporator. In different case 
the heat absorbed by the evaporator is equal to zero. After this part the temperature of the fluid 
that returns from the evaporator is calculated (Tfret). Here ,is called another function that 
calculates the temperature of the fluid inside the tank and the temperature of storage medium 
using the (Tfret), and (Thin) which is the temperature of the fluid that inserting the  tank from the 
side of receiver output and is equal to (Trec_out) in this case. Now the temperature for the next 
time step that inserts the receiver is equal (Trec_in(i+1)=Tf(i)). 
 
4th scenario 
Last but not least, in the last scenario the temperature of the fluid inside the tank (Tf) is higher 
than the temperature of the receiver (Trec_out).In this case is considered that the Tf is higher than 
the (Trec_out ) but not enough so as to go to evaporator directly. So, if the Tf is higher than limit 
then (Tfin) is equal to (Tf) and the function for the calculations of the Rankine Cycle is called. In 
different case if the (Tf) is lower than limit, a current coming from the solar tower heads to 
storage tank in order to raise its temperature .The return temperature is calculated after that 
which feeds the storage tank and in combination with the Thin which is equal to (Trec_out) give 
the new values for (Tf) and (Tg) the temperature of the fluid inside the tank and of storage 
medium, respectively. The temperature that returns to the receiver is taken equal to the 
(Trec_in(i+1)=Trec_out (i)). 
 
In this step some diagrams of the design point of the plant in Seville are going to be presented. 
 



Diploma Thesis - Nikolaos Tziris 

 

56 March  2021 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2-9.  (a) Power Output for 8760 hours, (b) Temperature inserting the evaporator for 8760 hours, (c) 

Temperature of the fluid inside tank for 8760 hours (d) Temperature output of the receiver for 8760 hours 

 
As it can be observed from the above diagrams the Power Output (a), Tevaporator (b), Treceiver_out (d) 
are thicker from June to October as it was expected. This is due to the fact that, in those months 
high number of sunshine hours and high-temperatures are datum. As a result more power is 
produced and higher temperatures leave the receiver and ‘insert’ to the evaporator.   
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Now the basic output values of the design point in the reference plant of Seville are going to 
be presented. 
 
 

Table 2-2. Basic output values of the design point in the reference plant of Seville 

Plant in Seville Output Values Units 

Total Pel 
6.2299*1010 [We] 

Total DNI 
5.2296*1011 [W] 

SolarToEnergyEfficiency 
0.1191 [-] 

SystemExergy 
0.3955 [-] 

 
Below is presented the basic flowchart for the code that was written in MATLAB and 
represents the design point in the reference plant of Seville. In this code which is described by 
the below chart were based the results of different scenarios that were placed in different 
cities in Greece.  
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START

READ 

METEO 

DATA

INITIALIZATION OF 

MATRICES,FIELD 

AREA,STORAGE 

VOLUME

FOR

i<=8760

CALCULATIONS

ACCORDING TO 

TEHRANI ET AL. 

PAPER 

IF

 Trec_out>>Tf

IF

Tf>>Trec_out

IF

Trec_out>Tf

IF

Tf>Trec_out

IF

Trec_out>Tranklimit

IF

Tf>Tranklimit

IF

Trec_out>Tranklimit

IF

Tf>Tranklimit

mh=0

mc=0

mh=0

mc=71

mh=271

mc=71

mh=0

mc=71

Tfin=Trec_out

[Pel,hth,Qeva

po]=rankine_
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yes yes

no

Tfreturn

[Tf,Tg]=Solve

r_1.m
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h
=

2
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1
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o
=
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h
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Tfin=Trec_out

[Pel,hth,Qe

vapo]=ranki

ne_solver

Tfreturn

[Tf,Tg]=Sol

ver_1.m

Tfin=Tf

[Pel,hth,Qe

vapo]=ranki

ne_solver

no

no

yes

Tfreturn

[Tf,Tg]=Sol

ver_1.m

i=
i+

1

m
h
=

2
7

1

yes

no

END

Trec_in(i+1)=Tfretur

n

Trec_in(i+1)=Trec_o

ut
Trec_in(i+1)=Tf

Trec_in(i+1)=Trec

_out

Τfbef(i+1)=Tf;

Tgbef(i+1)=Tg;

 
Figure 2-10. Flowchart for the summary analysis code 
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After this flowchart another one is going to be presented that shows the procedure that was 
followed in order to reach to the results of this thesis. The code that was written was run by 
this strategy. First of all the design point heliostat field which was found to be 295,000 m² was 
reduced by 5%,10% and raised by 5%,10% and 15% percent respectively. At the same time the 
design point storage volume was reduced by 5%, 10% and raised by 5%, 10% and 15% percent 
respectively.  
Bellow the results of this strategy are presented for the design point plant that is located in 
Seville. 
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START

READ 

METEORO

LOGICAL 

DATA

INITIALLIZATION

OF MATRICES

k<=6

j<=6

i<=8760

CALCULATIONS 

AS IN Figure 2.10

END

TRUE

FALSE

TRUE

FALSE

FALSE

i = i+1

j = j+1

k = k+1

TRUE

 
Figure 2-11. Flowchart according to the strategy analysis that was followed 
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2.5 Design Point Technical Results 

In this section are going to be presented the results of the Seville which is considered to be the 
design point for this project. The analysis is based on 6 different Reflector Areas and 6 
different storage tank volumes .In total there are 36 different situations to be examined. The 6 
different reflector areas occur if the design point area is reduced by 5%,10% and raised by 
5%,10%,15%  and the design point storage tank volume by 5% and 10% and raised by 5%,10% 
and 15% respectively. 
 
In the below tables can be observed the different situations examined: 
 
Table 2-3.Different Heliostat Field Areas that were examined for the analysis 

Afield  Value Unit 

A1 
265500 [m2] 

A2 
280250 [m2] 

A3 
295000 [m2] 

A4 
309750 [m2] 

A5 
324500 [m2] 

A6 
339250 [m2] 

 
Table 2-4.Different storage tank volumes that were examined for the analysis  

Vstorage  Value Unit 

V1 
3926,24 [m3] 

V2 
4144,37 [m3] 

V3 
4362,49 [m3] 

V4 
4580,62 [m3] 

V5 
4798,74 [m3] 

V6 
5016,87 [m3] 
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Figure 2-12. Annual power production as a function of different Reflector’s Areas and different storage tanks 

in Seville  

It can be observed from the above Figure2-12 that the annual power production in Seville is 
90GWh for heliostat field area of 339250m² and tank storage volume of 5016,87 m3 

 

 
Figure 2-13. Annual Solar Energy Conversion Efficiency  as a function of heliostat field area and storage tank 

volume 

As it can be seen on the above Figure 2-13 the highest solar energy conversion efficiency is 
succeeded at 0,28km² for the biggest tank volume V6 but also V5 can be used to reach this 
efficiency.The fluctuation of the curve is vivid until it end with a negative gradient at 14,5% for 
heliostat field area of A6. 
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Figure 2-14. Annual total Exergetic Efficiency as a function of heliostat field area and storage tank volume 

It can be observed from the Figure 2-14 that the max exergetic efficiency is at 0,28km² and for 
V6 storage tank volume which is the highest tank volume. It can be monitored also that for 
constant heliostat field area as the tank volume increase the exergetic efficiency also 
increases. From 0,29km² the increase in efficiency with the increase in volume is negligible. At 
huge heliostat field areas it tends to take constant values.  
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Diploma Thesis - Nikolaos Tziris 

 

65 March  2021 

3. Economic Analysis on the whole Plant  

3.1  Introduction to the Economic Analysis 

Upon the last decade vivid research has been done on the economics of CSP projects in order to 
determine whether they are more viable than their fossil fuel competitors. Electricity prices 
from renewable sources have fallen matronly over the last decade due to the improved 
technologies, economies of scale, increasingly competitive supply chains and growing 
development experience. According to International Renewable Energy Agency (IRENA), the 
global weighted-average Levelized cost of Electricity (LCOE) of CSP fell by 47%.[45] 

 

Figure 3-1. Total Installed Cost, Capacity factor and Levelized Cost of Energy fluctuation from 2010 to 2019.  

In the above figure, can be monitored the global weighted average installed costs, capacity 
factors and LCOE from 2010 to 2019. According to the same research done by IRENA, the 
evolution of the specific cost per KWh from 2010 until the most recent value of 2019. 
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Figure 3-2.Fluctuation of specific cost for CSP projects from 2010 to 2019 

 

 

Furthermore, it is worth mentioning a research that was conducted by the New Energy Update’s 
Today, using data from news reports, company statements and Yang et.al [46] that present costs 
for different solar power tower applications including TES systems and different locations of the 
plants. 

 

Figure 3-3. Study of specific cost for different CSP technologies in different countries (Yang et.al) [46] 
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3.2 Total Capital Cost  

In order to carry out an economic analysis on the plant, some investment performance indexes 
need to be introduced. These are Payback Period (PB), Net Present Value (NPV) and of course 
the Levelized Cost of Energy (LCOE). 

Firstly, needs to be defined the total investment cost of the whole plant also known as total 
capital cost, because it is needed in the calculations of the above indexes. In order to depict the 
total capital cost of the whole plant NREL-SAM program was used. For the on-design analysis, 
spatial data from the Gemasolar Power Plant in Spain, combined with assumptions on the 
previous chapters were used. The data that had been taken for granted for the program are 
shown below in the table: 

Table 3-1.Reference Solar Power Tower Station that was for calculations in NREL program 

Project Power Plant Input Values Units 

Design Turbine Gross Output 
20 MWe 

Design Thermal Power 
60 MW-t 

Full Load Hours of TES 
12 Hr 

Total Land Area 
520 Acres (1acre ~ 4047m2) 

Total Reflective Area  
295,000 m2 

Receiver Design Thermal Power  
142 MW-t 

Area 
412 m2 

Tower Height  
140 m 

Inflation Rate 
0,025 - 

Sales Tax 
0,05 - 

User Variable 1  
2021 - 

User Variable 2 
1 - 

 

According to the above data a pie chart produced in order to show the direct and indirect costs 
that have been emerged from the on-design analysis. 
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Figure 3-4. Breakdown of the total capital cost for the on-design analysis in Seville 

 

Ιn this part we will analyze the different parts that consist the direct and indirect costs of the 
above pie-chart that will also be used to our analysis.   

3.2.1 Direct Capital Costs 

Site-Sector 

Site consist of site preparation, clearing and Grubbing, Grading, Drainage, Remediation, 
Retention and Detention, Evaporation Pond, Roads, Parking and Fencing, Water Supply 
Infrastructure. 

Heliostat-Sector 

Heliostat Sector consist of Mirrors, Drives, Pedestal, Mirror Support, Foundation, Controls and 
Wired Connections, Field Wiring and Foundations Labor, Installation and checkout. 

Tower Sector 

Tower Sector consist of Tower, Riser and down comer, Piping and Insulation. 

Receiver 

Receiver Direct cost consist of the Receiver, Horizontal Piping and Insulation, Cold Salt Pump(s), 
Controls, Instruments, Heat Trace, Spare Parts. 
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Thermal Energy Storage 

Thermal Energy Storage (TES) consist of a Tank, Media, Piping, Insulation, Valves and Fittings, 
Foundations, Support Structures, Instrumentation and Controls. 

Fossil 

Fossil direct costs is zero in this very project. 

Balance of Plan -Defined as Steam Generation System 

Balance of Plant consist of Steam Generation Heat exchangers and Equiment, hot salt pumps, 
steam Piping, Insulation, Valves and Fittings, Electrical, Instrumentation and Control System, 
Foundations and Support Structures.  

Power Plant 

Power Plant sector consist of the following parts: Steam Turbine Generator Island, Blowdown 
System, Cooling Systems, Condensate System, Feedwater System, Auxiliary Cooling Water 
System, Steam Piping, Insulatiton, Valves and Fittings, Fuel Gas Handling and Metering System 
,Water Treatment System, Power Distribution Systems, Backup Power Systems, Instrument and 
Control Systems, Fire and Protection System, Foundation and Support Structures, Buildings, BOP 
Mechanical Systems BOP Electrical Systems. 

 

3.2.2 Indirect Capital Costs 

In this category they are included the so called no-hardware project costs such as permitting 
,land, legal fees, geotechnical and environmental surveys ,taxes, interest during construction 
and the owner’s engineering and project management activities. Some of these categories are 
listed explicitly, while many are simply lumped into the EPC and Owner’s Cost category. 

The capital costs that occurred were calculated by SAM-NREL model at 2013 dollar currency. In 
order to update the costs in 2021 prices in euros, the exchange rate according to the European 
Central Bank [47] was calculated. 

Prices(€)2013 = 0,72 ∗ Prices($)2013 (63) 

After this conversion the values of money from 2013 were transferred to 2021 by the below 
calculation: 

FutureValue = CurrentValue ∗ (1 + i)𝑛 (64) 

Where i is the inflation rate set to be 5% in Greece and n are the years that need to pass until 
2021. 
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The program of NREL that was used follows the philosophy that will be described next. Program 
contains cost information for two different plants a ‘reference plant’ and a ‘project plant’. The 
reference plant matches the default molten salt power tower in SAM 2012-11-30. 

Table 3-2. Reference Plant characteristics as they were in SAM-NREL program  

Reference Parameters Input Values Units 

Power Block gross rating 
115 MWe 

Thermal Storage 
10 hours 

Solar Multiple 
2.4 - 

Design conditions dry-bulb 
temperature 

42 oC 

Location  
Daggett,CA - 

Tower Height  
203 m 

Receiver Design Thermal Power 
670 MWt 

Solar Field area  
1289000 m2 

Thermal Storage salt volume 
13,000 m3 

Net Capacity annual average 
105 (MWe) 

Annual net electricity generation 
539,700 MWh 

Capacity Factor 
58.9% - 

 
For each cost, two parts, direct and indirect costs were calculated. Direct and indirect costs 
consist of (each one) material and labor costs. Size scaling exponent parameters were used in 
order to calculate the capital costs in 2021 in euros. The prices of the material and those of labor 
costs correspond to the costs of SAM-NREL database that were retrieved from [48] and [49].The 
exponent values are shown below. 
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Table 3-3. Scaling factors that were used for the calculations in SAM 

Scaling Values  Values 

Site  
1.8 

Heliostat  
1.2 

Tower 
0.0326 

Receiver 
1.2 

TES 
1.6 

BOP 
1.6 

Power Plant 
1.8 

EPC and Owners Costs 
1.4 

 

The Materials and Labors costs of the reference plant were retrieved by the SAM-NREL 
database. 



Diploma Thesis - Nikolaos Tziris 

 

72 March  2021 

Table 3-4. Different coefficients that were used for the calculations of costs 

Parameters  C1 C2 

Material_Site  
1.214 1.8 

Labor_Site 
0.986 1.8 

Material_HeliostatField 
1 1.2 

Labor_HeliostatField 
1 1.2 

Material_Tower 
1.120 - 

Labor_Tower 
0.982 - 

Material_Receiver 
1.120 1.2 

Labor_Receiver 
1.120 1.2 

Material_TES 
1.124 1.6 

Labor_TES 
0.982 1.6 

Material_BOP 
1 1.2 

Labor_BOP 
1 1.2 

Material_Power Plant 
1 1.6 

Labor_Power Plant 
1 1.6 

 

 Direct Cost 

MaterialCost𝑝𝑟𝑜𝑗 = MaterialCost𝑟𝑒𝑓 ∗ C1 ∗ (
𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑎𝑟𝑒𝑎

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  𝑎𝑟𝑒𝑎
)𝐶2 (65) 

LaborCost𝑝𝑟𝑜𝑗 = LaborCost𝑟𝑒𝑓 ∗ C1 ∗ (
𝑃𝑟𝑜𝑗𝑒𝑐𝑡  𝑎𝑟𝑒𝑎

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  𝑎𝑟𝑒𝑎
)

𝐶2

∗ 0,99 
(66) 

 

In order to find the total Direct Costs all the above costs are summed, material and labor, for 
each and every part of the above table. 
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 Indirect Costs 

Cost𝑝𝑟𝑜𝑗 = (Cost𝑟𝑒𝑓 ∗ 0.022 ∗ 1 ∗ (
𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑎𝑟𝑒𝑎

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑎𝑟𝑒𝑎
)

1.4

+ fixedvalue) (67) 

The price of the fixed value is set by NREL program and depends on the country that the project 
is going to be constructed. 

Here it needs to be mentioned that in every subtotal cost of the direct costs a contingency of 
7% is calculated and added to the final total direct cost. Cost of land was calculated and found 
2% of the total direct cost by multiplying the total 520 acres with the land cost in Greece. 

The strategy that was followed in order to trace the capital cost of the whole plant is going to 
be described in this step. First of all, the model and the capital cost of the plant were calculated 
with the weather conditions and concepts that are valid in Seville. This was considered the 
design and validated point of this project. With the knowledge of the Gemasolar plant in Seville, 
the project was further developed by adding cities of Greece that depict the 4 different climate 
zones such as Athens, Thessaloniki, Kozani and Chania in Crete. 

Τhe field area (Afield) is kept constant and at the same time for the period of one year, the 
storage’s tank volume changes its value between minus 10% and plus 10% from the value of 
volume tank on the design point. By changing the volume and keeping steady the heliostats field 
area, different values of capital cost occur. In order to have a better result at this study, the 
heliostat’s field area changes also from minus 10% to plus 10% of the field area on design point 
and this happens on a year basis scenario. 

     

 

 

 

3.3 Levelized Cost of Energy (LCOE) 

Levelized Cost of Energy (LCOE), also referred to as Levelized Cost of Electricity is a performance 
index used in energy applications and measures lifetime cost of an investment divided by energy 
production. In other words, it calculates the cost for the production of 1 KWhe. 

LCOE =
IC ∗ R + OMC

E𝑒𝑙,𝑛𝑒𝑡,𝑡𝑜𝑡𝑎𝑙
 (68) 

 IC: Investment Cost 
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 OMC: Annual Operational and Maintenance Cost 

OMC =
IC

236
 (69) 

 E𝑒𝑙,𝑛𝑒𝑡,𝑡𝑜𝑡𝑎𝑙: is the annual net electricity production by the whole plant 

 R:coefficient calculated as follows 

R =
i

1 − (1 + i)−𝑛
 (70) 

 i:Discount rate equals to 6% 

 n=30 years is the expected lifetime of the investment 

What is more needed to be mentioned about the LCOE is that is a measurement used to assess 
and compare alternative methods of energy production. 

According to the Greek legislature under the Greek name “ΦΕΚ 213/Α/24-12-2019”[50] the 
price that was used for the calculations was set to be 268€/MWh for the electricity sold by 
concentrated solar power systems with a thermal energy storage system of at least 2 hours 
availability. 
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3.4 Net Present Value (NPV) 

The Net Present Value (NPV) of a system calculates the value of all future cash flows during the 
lifetime of an investment, discounted to the present. As was mentioned before the expected 
lifetime of this project was set to be n=30years and the discount rate was set to be equal to 
i=6%. The equation that calculates the Net Present Value is given below. 

NPV = −IC + ∑ (E𝑒𝑙,𝑛𝑒𝑡,𝑡𝑜𝑡𝑎𝑙 ∗ 𝑃𝑟𝑒𝑙 − 𝑂𝑀𝐶

𝑛=30

𝑛=1

) ∗ (1 + i)−𝑛 (71) 

At the beginning of time period it is assumed that the net cash flow is negative and it’s absolute 
value is equal to the investment cost. That’s why the first term of the above equation is negative. 
It depicts the year 0 for the calculations. 

 

 Prel: this term is the price of electricity  

𝑎𝑛𝑛𝑢𝑎𝑙 𝑛𝑒𝑡 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 = E𝑒𝑙,𝑛𝑒𝑡,𝑡𝑜𝑡𝑎𝑙 ∗ 𝑃𝑟𝑒𝑙 − 𝑂𝑀𝐶 (72) 

This term calculates the net cash flow for n years starting from the first year because as it was 
mentioned before the zero year we have negative cash flow.  

 E𝑒𝑙,𝑛𝑒𝑡,𝑡𝑜𝑡𝑎𝑙 ∗ 𝑃𝑟𝑒𝑙= is the income from power production of n year  

 OMC: Annual Operational and Maintenance Cost as aforementioned. 

3.5 Simple Payback Period (PB) 

Simple Payback period refers to the amount of time it needs to recover and investment. As was 
mentioned before the investment lifetime is set to be n=30 years and the discount rate equal to 
i=6%. For this reason, if the payback period is greater than 30 years this means that the 
application is not economically sustainable for the expected lifetime. The Payback period is the 
cost of the investment divided by the annual cash flow. The shorter the payback period the more 
desirable is the investment. Here it needs to be mentioned that the simple payback period is an 
index of low quality because it does not consider the changing value of money through the years 
via the inflation rate .That is why it is used only to have a general overview of the plant that will 
be constructed. It is calculated using the below equation: 

PBP =
IC

Net annual revenue
 (73) 
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Where Net annual revenue is the income of the plant minus the operational and maintenance 
costs for the period of one year. 

Below, are presented the performance indexes of the design point plant in Seville in the 
current situation. 
 
Table 3-5. Performance indexes of the design point in Seville  

Design Point  AN/VN Unit 

Total Capital Cost  
209674328,3  

 
€ 

Specific cost €/Kw  
5003.56  €/KW 

LCOE 
0.2069 €/KWh 

NPV 
150606282 € 

PBP 
8,12 years 
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4. Results-Comments 

4.1 Technical Performance Results 

In the chapters that are going to follow, the results of the total power generation in the period 
of one year, the solar energy conversion efficiency but also the exergetic efficiency are going to 
be presented. Here it needs to be mentioned that the Gemasolar Power Plant located in Seville 
was used, with it’s characteristics, as the design point plant. A code in Matlab was created in 
order to take technical results out of this very plant. The code included three different parts. 
The part of receiving solar energy via heliostat field into the receiver, the part of storing this 
energy in a storage tank and finally the part of producing electricity via a water-steam Rankine 
cycle. After this modelling the plant that was created was “transferred’’ in 4 different regions of 
Greece. These regions were not picked up randomly. These 4 regions depict the 4 different 
climate zones of Greece. With the created code formula and by using different climatic values 
for weather conditions in Athens, Chania, Thessaloniki and Kozani the below technical results 
were occurred. 

 

Figure 4-1. The Four different climate zones of Greece and the four different cities for the 
thesis analysis 
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In the above figure can be spotted 4 different climate zones of Greece and the cities that were 
used in order to trace the performance of the modeled power plant per climatic zone. 

In the table 6 different heliostat field areas and 6 different storage volumes can be spotted that 
were used for the analysis. 

Table 4-1. Different Heliostat Field Areas that were examined for the thesis analysis 

Afield  Value Unit 

A1 
265500 [m2] 

A2 
280250 [m2] 

A3 
295000 [m2] 

A4 
309750 [m2] 

A5 
324500 [m2] 

A6 
339250 [m2] 

 

Table 4-2. Different storage tank volumes that were examined for the thesis analysis 

Vstorage  Value Unit 

V1 
3926,24 [m3] 

V2 
4144,37 [m3] 

V3 
4362,49 [m3] 

V4 
4580,62 [m3] 

V5 
4798,74 [m3] 

V6 
5016,87 [m3] 
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4.1.1 Athens 

 

Figure 4-2. Annual total Power Production as function of different Reflector’s Areas and different storage tank 

volumes in Athens 

If Figure 4-2, it can be seen that the highest annual power production is 82 GWh for the biggest 
heliostat field area of 339250 m² .Also it can be monitored that in constant heliostat field area 
the total power output is rising with the increase in the storage tank volume. This effect is 
negligible from an heliostat field area of 0,31 km² and beyond. 
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Figure 4-3. Annual Solar Energy Conversion efficiency as a function of different Reflector’s Areas and different 

storage tank volumes in Athens 

From Figure 4-3 it can be observed that the biggest efficiency is achieved for the biggest storage 
tank volume V6 but in a heliostat field area of 0,28 km² which is below the design point area of 
295000 m² .Also it can be monitored that for constant heliostat field area the efficiency rises 
with an increase in storage tank volume until the biggest heliostat area where from that point 
and beyond the efficiency turns to be steady. 
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Figure 4-4. Annual Exergetic Efficiency as a function of different Reflector’s Areas and different storage tank 

volumes in Athens. 

In the above Figure 4-4. It can be observed that the biggest exergetic efficiency for Athens is 
achieved at 0,29km² close to the value of design point and from that point and on the exergetic 
efficiency is constant. In the diagram of solar conversion efficiency but also on that of exergetic 
efficiency it can be seen that as the heliostat field increases the efficiencies tend to fall steadily 
after their constant route.  

From the above figures of Athens it can be seen that for constant Reflector’s Area while the 
storage tank volume is increasing , the annual power production, the solar to energy conversion 
efficiency but also the exergetic efficiency also increase. What’s more while the Reflecting Area 
increases ,it can be seen that the increase in power output ,solar conversion efficiency and 
exergetic efficiency with the simultaneous increase in tank volume is smaller. It can be seen also 
that as the heliostat collectors area grows despite the simultaneous increase in volume, from a 
field size and then all the above performance indexes tend to constant values. 
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4.1.2 Chania 

 

Figure 4-5. Annual total Power Production as function of different Reflector’s Areas and different storage tank 

volumes in Chania. 

From the above Figure 4-5. It can be observed that the highest annual power output of 96 GWh 
for Chania can be achieved with the biggest heliostat field area as in Athens but in Chania we 
have bigger power output. Also it can be seen that for particular heliostat field areas the annual 
power output is higher while the tank volume getting bigger and bigger, but this phenomenon 
is negligible after 0,29 km² which is the design point heliostat field area.  
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Figure 4-6. Annual Solar Energy Conversion efficiency as a function of different Reflector’s Areas and different 

storage tank volumes in Chania.  

As far as Figure 4-6. Is concerned ,can be monitored  the facts that mentioned before but also 
here needs to be mentioned that the peak efficiency is after 0,29km² while in Athens it was 
before that value. While the heliostat field area  increases the efficiency take steady values.The 
peak efficiency here is 15,5% while in Athens it was higher and around 16%.This is due to the 
fact that Athens has fewer sunny hours throughout a year. 

 

Figure 4-7. Annual Exergetic Efficiency as a function of different Reflector’s Areas and different storage tank 

volumes in Chania. 
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In the Figure 4-7 can be observed that the max exergetic efficiency of Chania is 58% and achieved 
close to the design point .This exergetic efficiency is lower than in Athens for the 
aforementioned reason. 

Comparing Chania to Athens it is observed that they have big annual power output due to higher 
DNI values, but solar energy conversion efficiency and exergetic efficiency is bigger in Athens 
due to lower availability of sunny hours throughout the year. In other words it is logical if plant 
operates fewer hours a year to be more efficient.  

4.1.3 Thessaloniki 

 

Figure 4-8. Annual total Power Production as function of different Reflector’s Areas and different storage tank 

volumes in Thessaloniki. 

As it can be seen for Thessaloniki the max total annual Power output is achieved for the biggest 
heliostat area named as A6 in the previous chapter. It is obvious that the curves in Figure 4-8 
are smoother and less fluctuated than that of Athens but also it is obvious that from a Reflector 
Area of 0,28km² despite the increase in the storage tank volume the annual power output does 
not increase as much. The total GWh are fewer than that of Athens due to less sunny days 
throughout the year. 
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Figure 4-9. Annual Solar Energy Conversion efficiency as a function of different Reflector’s Areas and different 

storage tank volumes in Thessaloniki. 

In above Figure 4-9 can be monitored that max efficiency is at 16,5% and achieved for an 
heliostat field area of 0,31km² and a volume of V6 which is the bigger tank .If it is compared with 
the results of Athens , Athens has max efficiency at 16% for a heliostat field area of 0,28km² and 
for volume V6. 

 

 

Figure 4-10. Annual Exergetic Efficiency as a function of different Reflector’s Areas and different storage tank 

volumes in Thessaloniki.  
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It can be observed from the above Figure 4-10 that the exergetic efficiency has its max value at 
56% for a V6 storage volume and for a Heliostat Field area of 0,31km² and after that value its 
value drops slightly. Athens did have its max exergetic efficiency at 0,29km² and was at 61%. 

Comparing Thessaloniki and the Athens because it is no sense to compare with Chania due to 
bigger DNI previous cities it is observed that the production of power yearly is lower but the 
exergetic efficiency and solar energy conversion efficiency is higher due to the lower 
temperatures and the fewer annual operating hours of those plants. 

4.1.4 Kozani 

 

Figure 4-11. Annual total Power Production as function of different Reflector’s Areas and different storage 

tank volumes in Kozani. 

In Figure 4-11 can be spotted that Kozani has its biggest annual power output for all storage tank 
sizes but for the biggest heliostat field area. The effect of bigger storage tank is negligible from 
0,31km² and on. Kozani’s biggest annual power output is at 82GWh which is bigger than that of 
Thessaloniki. The curve is also steeper that means the power output raise quicker than the 
power output of Thessaloniki. 
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Figure 4-12. Annual Solar Energy Conversion efficiency as a function of different Reflector’s Areas and different 

storage tank volumes in Kozani. 

In Figure 4-12 can be spotted the highest solar energy conversion efficiency for Kozani that is 
17% higher than that of Thessaloniki due to the low temperatures and the shorter fluctuation in 
the temperature. 

 

Figure 4-13. Annual Exergetic Efficiency as a function of different Reflector’s Areas and different storage tank 

volumes in Kozani. 
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The exergetic efficiency is higher than those of Thessaloniki and other cities and reach the value 
of 64% at 0,31km² heliostat field area but with a smaller storage tank of volume V4 which is 
close to the design point. 

 

By observing the results of Kozani city it can be seen that the annual power production is similar 
to the power produced by Athens despite the difference in temperatures, but higher than that 
of Thessaloniki. What’s more the exergetic efficiency and solar energy conversion efficiency of 
Kozani is higher than those of the other cities because Kozani does not have big fluctuation in 
temperature throughout the year. All year round has low temperatures. 
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4.2 Economic Results 

According to the Greek legislation [50] the feed-in Tariff for CSP with at least 2 hours of storage 
is datum in Greece and set to be 0,278€/KWh. With this feed in tariff are going to be presented 
the results of Payback period, Net Present Value, LCOE and specific cost. The strategy that was 
followed as was aforementioned is as follows. First of all the design point heliostat field which 
was found to be 295,000 m² was reduced by 5%,10% and raised by 5%,10% and 15% percent 
respectively. At the same time the design point storage volume was reduced by 5%, 10% and 
raised by 5%, 10% and 15% percent respectively. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-14. On the (a) side is depicted PBP of Chania on the (b) side PBP of Athens ,on the (c) side PBP of 

Thessaloniki and on the (d) side PBP of Kozani. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-15. On the (a) side is depicted NPV of Chania on the (b) side NPV of Athens ,on the (c) side NPV of 

Thessaloniki and on the (d) side NPV of Kozani. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-16. On the (a) side is depicted LCOE of Chania on the (b) side LCOE of Athens ,on the (c) side LCOE of 

Thessaloniki and on the (d) side LCOE of Kozani. 

 



Diploma Thesis - Nikolaos Tziris 

 

92 March  2021 

 

(a) 

 

(b) 

 

(c) 
 

(d) 

Figure 4-17. On the (a) side is depicted specific cost of Chania on the (b) side the specific cost of Athens, on the 

(c) side the specific cost of Thessaloniki and on the (d) side the specific cost of Kozani. 

According to the above results the best by far option is the investment in Chania city. Below is 
depicted a table in which the results are gathered. The LCOE is better in Chania, the payback 
period is lower and the Net Present Value is higher. This was as expected due to the biggest 
total annual Direct Irradiance.  
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Table 4-3. Economic Results for feed-in Tariff of 0,278€/KWh 

Cities  PBP NPV Combination LCOE 

Chania 
8.69 131626258,7 € A6-V1 0,1791 €/KWh 

Athens 
10.59 68375787,1 € A6-V2 0,2166 €/KWh 

Thessaloniki 
11.20 51114312,01 € A5-V5 0,2285 €/KWh 

Kozani 
10.29 76347445,59 €  A6-V2 0,2107 €/KWh 

 
The best case scenario occurred for Chania city with a payback period of 8.69 years and a Net 
Present Value of 131626258,7 €. The combination of Reflector’s area and storage tank volume 
is A6-V1.The storage volume is the smaller possible due to the more sunny hours throughout 
the year and as a result the less need for storing energy.  

4.3 Sensitivity Analysis-Total Capital Cost 

The evaluation that was accomplished before is affected by possible changes of some basic 
parameters of the problem. These parameters for example are the total capital cost, the 
inflation rate, the total power produced by the plant and many others that affect the lifetime of 
the investment and its efficiency. 
By changing the total capital cost and reducing it by 5% percent and at the same time keeping 
the value of feed-in tariff constant and also  the rest aspects constants  the below diagrams 
occurred. 
 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4-18. On the (a) side is depicted PBP of Chania on the (b) side PBP of Athens ,on the (c) side PBP of 

Thessaloniki and on the (d) side PBP of Kozani. 

 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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Figure 4-19. On the (a) side is depicted PBP of Chania on the (b) side PBP of Athens ,on the (c) side PBP of 

Thessaloniki and on the (d) side PBP of Kozani. 

 

Table 4-4. Economic Results for feed-in Tariff of 0,278€/KWh 

Cities  PBP NPV Combination LCOE 

Chania 
8.24 143546127,2 € A6-V1 0,1702 €/KWh 

Athens 
10.04 80440471,3 € A6-V2 0,2058 €/KWh 

Thessaloniki 
10.61 62921260,34 € A5-V5 0,2171 €/KWh 

Kozani 
9.75 88296409,13 € A6-V2 0,2002 €/KWh 

Again ,from this analysis Chania is the winning situation with the lowest LCOE, the smallest 
payback period and the biggest NPV. 

4.4 Sensitivity Analysis-Annual Power Production 

By keeping constant the feed-in Tariff in Greece and by increasing the total annual power 
production by 6% of the calculated in the four different cities that depict four different climate 
zones the below results occurred: 
 

 

(a) 

 

(b) 
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(c) 

 

(d) 

  

 

(e) 

 

(f) 

 

(g) 

 

(h) 
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Figure 4-20. On the (a) side is depicted PBP of Chania on the (b) side PBP of Athens ,on the (c) side PBP of 

Thessaloniki and on the (d) side PBP of Kozani, on the € side is depicted the NPV of Chania ,on the (f) side the 
NPV of Athens ,on thet (g) side the NPV of Thessaloniki and on the (h) side the NPV of Kozani. 

 
Table 4-5. Economic Results for feed-in Tariff of 0,278€/KWh 

Cities  PBP NPV Combination LCOE 

Chania 
8.18 153827676,4 € A6-V1 0,1690 €/KWh 

Athens 
9.96 86955955,37 € A6-V2 0,2043 €/KWh 

Thessaloniki 
10.54 68349508,73 € A5-V5 0,2156 €/KWh 

Kozani 
9.68 95267048,58 € A6-V2 0,1988 €/KWh 

 
Comparing the results of the 3 strategies that were presented before it can easily be reached 
the conclusion that Chania had better results in all cases scenarios with the best case scenario 
to be by increasing the total annual power generation by 6%.The smallest LCOE occurred  0,1690 
€/KWh with the smallest payback period and the highest NPV.  
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4.5 Sensitivity Analysis-Feed-in Tariff 

By changing the value of feed-in tariff with a lower bound of 0,248€/KWh and an upper bound 
of 0,288€/KWh and keeping constant values to other aspects the below results occurred. 

4.5.1 Athens 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-21. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Athens. 

From the above Figure 4-14 can be reached easily the conclusion that while the heliostat field 
area (m²) raises, the payback period is reducing .At the same time the Net Present Value is 
increasing. The desirable for the investment to be viable is the NPV to be positive. When the 
marginal price cost raises to 0,288€/KWh it can be monitored a drop in the payback period years. 
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What’s more the NPV is increased with best match to be for 0,248€/KWh A6-V2 and for 
0,288€/KWh also A6-V2.For the payback period in years the best combination for the investment 
is  A6-V2 for both marginal price costs. 

 

 

 

Figure 4-22. On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Athens. 

In Figure 4-15 can be monitored the specific cost which increases due to the increase in the 
Reflector’s Area (km²) and can be seen that its highest value is beyond 0,33km² for V2 storage 
tank. It can be seen that the LCOE for a constant Heliostat Field Area drops its value with the 
increase in the storage tank. This drop is negligible as the heliostat field area raises. The desirable 
LCOE is the smallest one which is achieved at the 0,34km² reflector surface and at the value of 
0,22.  
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4.5.2 Chania 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-23. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Chania. 

From the Figure 4-16 above it can be observed that as in Athens, while the reflecting surface 
area is scaling up the payback period is lowered .The NPV on the other hand is increasing with 
the best combination to be A6-V1 for all the marginal price costs. What’s more for the payback 
period also A6-V1 is the best combination of the heliostat field area and the storage tank 
volume. It is concluded that in Chania comparing to Athens better results can occur in NPV but 
also payback period for smaller tank volume but the same heliostat field area. The payback 
period and Net Present Value are lower than that of Athens due to the biggest annual power 
output of Chania investment. 
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Figure 4-24.  On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Chania. 

From Figure 4-17 can be spotted that the specific cost is rising with the increase in heliostat field 
area with its biggest value to be above 5200€/KW for a heliostat field area of A6 and volume 
storage tank of V6.LCOE index in Chania is lower than that of Athens and fixes its value beyond 
A3 heliostat field area at 0,18€/KWh .It is obvious that LCOE of Athens drops steeper than that 
of Chania which from the A3 heliostat field area almost reaches its value. 
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4.5.3 Thessaloniki 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-25. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Thessaloniki. 

From the above Figure 4-18 for a marginal price cost of 0,248€/KWh the results of the payback 
period are worse than that of Athens. The comparison is being made with Athens because it has 
no sense to compare with Chania investment due to far better results. Again, it is observed that 
with the raise in heliostat field area the payback period is reduced with the better result to be 
the combination of A5-V5 for all marginal prices. It can be understood that the heliostat field 
area is lower than that of Athens due to the bigger cost but storage tank volume is higher due 
to the less sunny hours throughout the year in Thessaloniki and the need to store more energy.  
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Figure 4-26 On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Thessaloniki. 

The specific cost on the matrix above is rising with the increase in the reflector’s area with the 
highest value to be for storage V6 the heliostat field area A6. The LCOE in Thessaloniki drops 
smoothly and need more time to reach its steady value. Also the value of 0,23 €/KWh is bigger 
than that of Athens and in Thessaloniki reaches its steady value at A4 while in Athens has a 
tendency beyond A6 to drop more its value. 

 

4.5.4 Kozani 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 

 

Figure 4-27.  On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Kozani, on the (e) the specific cost and on the (f) the 
LCOE in Kozani. 

Comparing Thessaloniki and Kozani it can be monitored that Kozani has lower payback period 
and higher Net present value than that of Thessaloniki. This happens due to better total DNI that 
is received by the heliostat field area of Kozani. It was calculated that Thessaloniki had the worst 
results of total DNI received for the period of one year despite being the 3d Climate Zone in 
Greece with better temperatures than Kozani. Best combination for all marginal prices was 
found to be A6-V2 which is the same result as Athens. This is logical due to the convergence in 
their results. There is a difference in the LCOE, though, because Kozani has a steeper curve that 
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means that it reaches the lowest value of LCOE with the slightest increase in heliostat field area 
whereas the LCOE of Thessaloniki needs biggest changes in the field area in order to drop its 
value.  
 
As can be observed on the below tables the summary analysis results occurred: 
 
Table 4-6.Economic results for a marginal price cost of 0,248€/KWh in different cities 

Cities  PBP NPV Combination LCOE 

Chania 
9.78 91695651,21€ A6-V1 0,1791 €/KWh 

Athens 
11.93 34958218,27€ A6-V2 0,2166 €/KWh 

Thessaloniki 
12.63 20115756,76€ A5-V5 0,2285 €/KWh 

Kozani 
11.60 42319382,67€ A6-V2 0,2107 €/KWh 

 
Table 4-7.Economic results for a marginal price cost of 0,288€/KWh in different cities 

Cities  PBP NPV Combination LCOE 

Chania 
8.38 144936461,2€ A6-V1 0,1791 €/KWh 

Athens 
10.21 79514976,71€ A6-V2 0,2166 €/KWh 

Thessaloniki 
10.79 61447163,76€ A5-V5 0,2285 €/KWh 

Kozani 
9.92 87690133,23€ A6-V2 0,2107 €/KWh 

 
 
As it can be seen from the above analysis, Chania have the minimum LCOE value and 
Thessaloniki with Kozani the maximum, as the net electric production is the highest and lowest 
in these cities, respectively. It is concluded that while the reflector’s area is increased , after a 
particular size, it is obvious that the storage tank volume have to be  increased far too much in 
order to take advantage of the surplus of energy. However ,this increase never happens due to 
the cost that’s why the effect of the storage tank volume is negligible from a design point and 
beyond.  
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4.6 Sensitivity Analysis-Feed-in Tariff & Total Capital Cost 

The evaluation that was accomplished before is affected by possible changes of some basic 
parameters of the problem. These parameters for example are the total capital cost, the 
inflation rate, the total power produced by the plant and many others that affect the lifetime of 
the investment and its efficiency. 
 
The strategy that will be followed in this step is to change the value of feed-in tariff with a lower 
bound of 0,248€/KWh and an upper bound of 0,288€/KWh  and also change the total capital 
investment cost and monitor the changes in other aspects of the project such as the payback 
period and net present value. The capital cost is initially reduced by 5% and the results are as 
followed.  
 

4.6.1 Athens 

 

(a) 

 

(b) 

  



Diploma Thesis - Nikolaos Tziris 

 

107 March  2021 

(c) (d) 

 

(e) 

 

(f) 

Figure 4-28. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Kozani, on the (e)  the specific cost and on the (f) the 
LCOE in Athens. 

 
 
Comparing the results of Athens after the implementation of sensitivity analysis on capital cost 
and the previous economic results, the LCOE was reduced as it was reduced the specific cost. 
This was as expected due to the dependence of LCOE from the total capital cost. Apart from 
that both NPV and PBP were reduced due to the lower investment cost and as a result the 
better depreciation of the project. The best combination of the heliostat field area but also the 
storage tank volume was as in the previous analysis A6-V2.The LCOE dropped nearly by 
0,01€/KWh. 
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4.6.2 Chania 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 4-29 On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Kozani, on the (e)  the specific cost and on the (f) the 
LCOE in Athens. 

Comparing Chania with Athens but also with previous results before the sensitivity analysis it is 
obvious that one more time Chania have better results in PBP and NPV than in Athens but also 
better results from their previous analysis without the reduction at total capital cost. The best 
combination of heliostat field area but also storage tank volume was found to be again A6-V1. 
The LCOE was lowered and reached 0,165 €/KWh from 0,18€/KWh without the sensitivity 
analysis. 

4.6.3 Thessaloniki 

  

Figure 4-30 On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Thessaloniki. 
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From the above Figure 4-23 it can be observed that LCOE dropped from 0, 23€/KWh to 
0,22€/KWh with the sensitivity analysis. The curve is steeper than previously .The specific cost 
of course dropped due to the drop in capital cost. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4-31. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288€/KWh in Thessaloniki. 

From the Figure 4-24 above it can be observed that the payback period dropped while the NPV 
also dropped from the previous chapter analysis on Thessaloniki. What’s more it remained 
higher than the respective values of Athens. The LCOE of the Athens is lower than that of 
Thessaloniki also in this chapter. 
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4.6.4 Kozani 

  

Figure 4-32. On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Kozani. 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 
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Figure 4-33 On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Kozani. 

From the Figure 4-25 it can be observed that LCOE dropped enough and from the value of 0, 
23€/KWh it reaches 0,205€/KWh. The Payback period and NPV reduced and raised respectively 
from the previous chapter analysis on Kozani but the best combination remained A6-V2 as 
previously. Last but not least, the results of Kozani for the 5% reduce in total capital cost were 
better as that of Athens for 5% and obviously better than that of Thessaloniki. 
 
Το summarize the results of 5%reduce of total capital cost can be depicted below: 
 
Table 4-8. Economic results for a marginal price cost of 0,248€/KWh in different cities. 

Cities  PBP NPV Combination LCOE 

Chania 
9.27 103615519,7 € A6-V1 0,1702 €/KWh 

Athens 
11.31 47022902,48 € A6-V2 0,2058 €/KWh 

Thessaloniki 
11.96 31922705,09 € A5-V5 0,2171 €/KWh 

Kozani 
10.96 54268346,21 € A6-V2 0,2002 €/KWh 

 
Table 4-9. Economic results for a marginal price cost of 0,288€/KWh in different cities. 

Cities  PBP NPV Combination LCOE 

Chania 
7.94 156856329,7 € A6-V1 0,1702 €/KWh 

Athens 
9.67 91579660,91 € A6-V2 0,2058 €/KWh 

Thessaloniki 
10.23 73254112,09 € A5-V5 0,2171 €/KWh 

Kozani 
9.40 99639096,77 € A6-V2 0,2002 €/KWh 

 
To conclude this chapter all the PBP values were reduced with the reduction of 5% in the total 
capital cost and all the NPV values were increased in all the cities, respectively. Chania still 
remained the best option with the lowest PBP of 9.67 years and 91579660,91 € net present 
value which is the highest NPV.Also,the LCOE was reduced with 0,1702 €/KWh of Chania being 
the lowest. 
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4.7 Sensitivity Analysis-Feed-in Tariff & Annual Power Production 

At this strategy also the feed-in Tariff changes by raising the annual power production by 6%. 
Apart from the reduce of 5% in the total capital cost another strategy that will be followed is 
to keep constant the total investment cost and raise by 6% the total power output. At the 
same time feed-in tariff  changes and takes a lower 0,248 €/KWh and an upper value of 0,288 
€/KWh. As a result the LCOE, the Payback period and the Net Present Value is going to change. 
Below are going to be presented the results of that change for the 4 different cities of Greece. 
 

4.7.1 Athens 

  
Figure 4-34. On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Athens. 

According to Figure 4-27 it can be observed that the specific cost for the city of Athens remained 
the same as only the total power output changed. The LCOE was reduced but kept its shape and 
from 0,215€/KWh dropped to 0,2057€/KWh. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4-35. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Athens. 

According to the Figure 4-28 above the best combination also in this chapter for Athens is A6-
V2 .Comparing Athens of this chapter with the analysis that was made in the chapter 4.3 it is 
obvious that the payback period is lower and the net present value is higher too.The best 
combination remained the same in the two different analysis .The LCOE as is the previous 
sensitivity analysis reached almost the same value. That depicts how effective both strategies 
are in order the capital investment cost to be reduced. 
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4.7.2 Chania 

  

Figure 4-36. On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Chania. 

According to the above Figure 4-29 LCOE in Chania comparing to the sensitivity-capital cost 
analysis took higher values and from 0,165€/KWh converted to 0,17€/KWh. The specific cost 
remained the same. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 4-37. On the (a) and (b) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) PBP and NPV for 0,288 €/KWh in Chania. 

According to the figure above it can be seen that the Payback period and Net Present Value 
were calculated to be lower and higher respectively as were in the previous chapter 4.3.The 
best combination for better results was also A6-V1. 

4.7.3 Thessaloniki 

  

Figure 4-38. On the left side of the matrix is depicted the specific cost as a function of Reflector’s Area and 

storage tank volume and on the right side the LCOE as a function of the same parameters in Thessaloniki. 

According to Figure 4-31 LCOE of Thessaloniki dropped below the LCOE that was calculated at 
the Sensitivity of Capital Cost .The specific cost as aforementioned remained the same.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-39. On (a) and (b) sides can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the 

system and on (c) and (d) the PBP and NPV for 0,288€/KWh in Thessaloniki. 

The Payback period and Net Present Value of Thessaloniki for both marginal prices are better in 
this kind of analysis. The best combination is also A5-V5 as was found in the previous chapters. 

4.7.4 Kozani 

 
(a) 

 
(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 4-40. On the (a) side of the matrix is depicted the specific cost, on the (b) side the LCOE ,on the (c) and 

(d) can be depicted the PBP and NPV for 0,248€/KWh marginal price cost of the system and on (e) and (f) PBP 
and NPV for 0,288 €/KWh in Kozani. 

As it can be seen from the LCOE chart on the (b) thesis the cost drops under 0, 2€/KWh which is 
good result .This must had happened because of the increase in annual production of power 
where in combination with the low temperatures and the high energetic and exergetic efficiency 
had as a result the drop in this value. Both sensitivity analysis gave the expected results .Better 
payback period, NPV and LCOE. 
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Table 4-10. Economic results for a marginal price cost of 0,248€/KWh in different cities. 

Cities  PBP NPV Combination LCOE 

Chania 
9.21 111501232,5 € A6-V1 0,1690 €/KWh 

Athens 
11.23 51533332,41 € A6-V2 0,2043 €/KWh 

Thessaloniki 
11.88 35491040,16 € A5-V5 0,2156 €/KWh 

Kozani 
10.91 59197301,88 € A6-V2 0,1988 €/KWh 

 

Table 4-11. Economic results for a marginal price cost of 0,288€/KWh in different cities. 

Cities  PBP NPV Combination LCOE 

Chania 
7.89 167936491,1 € A6-V1 0,1690 €/KWh 

Athens 
9.60 98763496,36 € A6-V2 0,2043 €/KWh 

Thessaloniki 
10.16 79302331,58 € A5-V5 0,2156 €/KWh 

Kozani 
9.33 107290297,5 € A6-V2 0,1988 €/KWh 

 

To sum up, according to the analysis that was made in these chapters Chania had the lowest 
payback period the highest Net Present Value and the lowest LCOE. The combinations of the 
best results in all strategies remained the same. The result was as expected as Chania had the 
biggest total annual DNI and the biggest total annual power output. This in combination with 
the similar specific cost ,as all four cities are in Greece, where the marginal price costs are the 
same, make Chania the best investment choice.  
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5. Conclusion-Future Research 

According to the results of the Net Present Values and the Payback period of this project in the 
different cities of Greece, it can be concluded that this project is viable in the period of 30 years 
that was studied. In addition, the best case scenario was found to be in Chania which had the 
lowest payback period, the highest NPV and the lowest LCOE. The worst results occurred in 
Thessaloniki which had the lower total annual power output and low temperatures and sunny 
days throughout the year. Athens and Kozani had mediocre results and worse than that of 
Chania. The best case scenario was with the increase in annual power output by 6% of the 
nominal and occurred for Chania, 7.89 years of payback period  ,167936491,1 € of Net Present 
Value for 30years and best LCOE of 0,1690€/KWh. Before the sensitivity analysis , the best 
results occurred again for the city of Chania with payback period to be 8.69 years, 131626258,7 
the Net Present Value and 0,1791€/KWh LCOE. However, has to be highlighted that this study 
did not take into consideration the tons of CO₂ and other greenhouse gases that such a plant 
can avoid. 

For example, for 1MWh of coal fired plan  850kg CO2 according to [51] are saved and can be 
reached easily to the conclusion that for a period of 30 years with a 6% of inflation rate this 
project can save a lot of income, assuming that the price per ton of CO₂ is 25 €  according to the 
European Emissions Trading Scheme (EU ETS) [52] .Taking into consideration all of that 
information, these projects which are fossil-fuel-free have as a result  the payback period to be 
lowered more and the Net Present value to be raised more, respectively. This price of  CO₂ 
,however, is going to rise in the EU and reach the value of 55€ per ton according to [53] until 
2025, due to Europeans program of reducing greenhouse gas emissions and thus these projects 
are going to be more and more profitable as the years go by despite their big investment costs. 

Another important aspect of this analysis is that, according to the Greek legislation that was 
officially published under the Greek name “ΦΕΚ 213/Α/24-12-2019”[50],until 2028 all the brown 
coal plants in Greece must be deactivated and be replaced by renewable energy sources. This 
will have as a result the general marginal price costs of the system  to rise up and as a result the 
accepted feed-in-tariff of 0,278 €/KWh by the Greek legislation  to be increased. 

 

Future Research: 

 More locations can be examined in Greece in areas with high DNI such as 
Southeastern Crete and Rhodes Island but also in other countries with high DNI and 
higher electricity prices. 

 Instead of a Solar Power Tower, Linear Fresnel Reflectors can be used and coupled 
with TES system and the existing power block. 

 Instead of steam-water Rankine cycle, ORC cycle could be used if the temperatures 
were lower. 
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 A cost relative analysis between solar thermal power plants and plants with natural 
gas and geothermal plants could be done. 

 Auxiliary heater could be placed before the evaporator and extra cost of fuel and 
construction could be examined. 
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