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Abstract 
With increasing awareness of environmental issues and worldwide requirements for sustainable 

development, renewable energy technologies with lower environmental impact, especially those having 

abundant resources like wind and solar energy, attract more attention. Concentrating Solar Power (CSP) is 

one of the most promising solar energy technologies. Indeed, thermal energy storage (TES) units could be 

integrated into CSP plants, enhancing their flexibility and capacity factor. However, tower based CSP plants 

still remain cost intensive.  

This study evaluates the performance of a 55MWe combined-cycle CSP plant with rock-bed TES located 

in Sevilla, Spain. Sensitivity analysis has been performed to assess the influence of critical parameters. 

Furthermore, in order to decrease the costs with increasing efficiency, improved CSP plant schemes have 

been proposed 

In the study, EES, SAM and TRNSYS are used to design and simulate the model from technological 

perspective, then the capital and operational costs are calculated in MATLAB. For one-year simulation of 

the designed case, the performance of the plant is determined by the trade-off among several conflicting 

factors. The study focuses on three key indicators to measure the performance- levelized costs of electricity 

(LCoE), capital expenditure (CAPEX) and efficiency factor (UF). As long as CAPEX is within the 

acceptable range, LCoE would be the most concerned one-as low as possible, then followed by UF.  

Compared to conventional CCGT plant, the proposed combined-cycle tower-based CSP plant, with 

efficiency of 0.49 and LCoE of 196USD/MWe, enables efficiency improvements, while both CAPEX and 

LCoE are higher. On the other hand, it has to be noticed that CCGT relies on fuel (natural gas) price, which 

means higher risks and operational expenditure (OPEX). A sensitivity study is involved varying gas turbine 

expansion ratio (to vary its outlet temperature and therefore supply power for the bottoming Rankine cycle), 

size of TES and solar multiple (SM). It can be found that same LCoE and UF could be achieved with lower 

CAPEX by setting appropriate parameters.  

The study also introduces two improved CSP plant schemes with sensitivity study. To some extent, the 

LCoE decreases due to increasing power output and the efficiency of the system simultaneously increases. 
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Abstrakt 
Med ökad medvetenhet om miljöfrågor och globala krav på hållbar utveckling lockar förnybar energi 

teknologi med lägre miljöpåverkan, särskilt de som har stora resurser som vind och solenergi, mer 

uppmärksamhet. Concentrating Solar Power (CSP) är en av de mest lovande solenergi teknologierna. 

Faktiskt kan värmeenergi lagringsenheter integreras i CSP-anläggningar, vilket förbättrar deras flexibilitet 

och kapacitetsfaktor. Träbaserade CSP-anläggningar är dock fortfarande kostnads intensiva. 

Denna studie utvärderar prestandan för en 55MWe CSP-anläggning med kombinerad cykel med TES-

sandbädd i Sevilla, Spanien. Känslighetsanalys har utförts för att bedöma påverkan av kritiska parametrar. 

För att minska kostnaderna med ökad effektivitet har dessutom förbättrade CSP-anläggningsprogram 

föreslagits 

I studien används EES, SAM och TRNSYS för att designa och simulera modellen ur teknologiskt 

perspektiv, sedan beräknas kapital och driftskostnader i MATLAB. För ett års simulering av det planerade 

fallet bestäms anläggningens prestanda av bytet mellan flera motstridiga faktorer. Studien fokuserar på tre 

nyckelindikatorer för att mäta prestandanivå kostnaderna för el (LCoE), investeringar (CAPEX) och 

effektivitetsfaktor (UF). Så länge CAPEX ligger inom det acceptabla intervallet, skulle LCoE vara den mest 

bekymrade en så låg som möjligt, följt av UF. 

Jämfört med konventionell CCGT-anläggning möjliggör den föreslagna träbaserade CSP-anläggningen med 

kombinerad cykel med effektivitet 0,49 och LCoE på 196USD / MWe effektivitetsförbättringar, medan 

både CAPEX och LCoE är högre. Å andra sidan måste man notera att CCGT förlitar sig på bränslepriset 

(naturgas), vilket innebär högre risker och driftsutgifter (OPEX). En känslighetsstudie är involverad med 

varierande utvidgning förhållande för gasturbin (för att variera dess utloppstemperatur och därmed leverera 

ström för botten Rankine-cykeln), storlek på TES och sol multipel (SM). Det kan konstateras att samma 

LCoE och UF skulle kunna uppnås med lägre CAPEX genom att ställa in lämpliga parametrar. 

Studien introducerar också två förbättrade CSP-anläggningar med känslighetsstudie. I viss utsträckning 

minskar LCoE på grund av ökad effekt och systemets effektivitet ökar samtidigt. 
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1 Introduction 
1.1 Global challenges 

Electricity is seen as the root of modern society which could foster the development of the society, as it is 

the energy source for many industrial processes and activities(Breeze, 2014). It is a increasingly favorable 

choice in almost economies. According to the data from IEA (International Energy Agency), electricity 

takes up about 20% of the global final consumption and this proportion is predicted to continue to rise in 

the future as global population is still growing corresponding to increasing energy demand, which in turn 

puts more pressure on electricity generation sectors (IEA, 2018).  

 

The conventional power generation industry relying more on fossil fuels has relatively huge negative 

impacts on environment due to combustion of fossil fuel, oil and gases. Until the end of 2017, The impacts 

include air pollution which would harm human health, acid rain  and global warming which would further 

melt ice cap and glacier rising up the sea level (Breeze, 2014). According to the data from IEA (2018), global 

carbon dioxide emissions from energy sector rise up by 1.7% in 2017. Fuel and gas, in general,  are 

responsible for more than 15% of the total greenhouse gases emissions from energy sector. In order to 

meet the growing requirements of electricity, 20-37.5 Gtons more greenhouse gases would be emitted into 

atmosphere if keeping current energy system, which may transgress the threshold of concentration of 

carbon dioxide in the atmosphere (Chaanaoui et al., 2016). In addition to stimulus of higher fuel prices 

resulting from the resource scarcity, fuel and gas are not best choices from both environmental and 

economic perspectives  in the future. Therefore, renewable energy technologies with very low emissions 

and abundant sources, like solar energy, attract more attention and would be a promising option for power 

generation to go towards sustainability. Recently, most of the countries have renewables and energy 

efficiency policies or targets (shown in figure 1) and 57% countries have 100% renewable energy targets 

(REN21, 2018), which foster the development of renewable energy technology.  

 
Figure 1. Countries with energy efficiency policy or targets (REN21, 2018) 

 

Solar energy on the Earth is rich. Regarding absorption and scattering, annual total solar energy reaching 

Earth is 3400000 EJ and average surface solar energy density is 170W/m2  (Breeze, 2014). One way to 

utilize solar energy for power generation is solar thermal energy (STE). Compared with other renewable 

energy options, concentrating solar power (CSP) plants combined with thermal energy storage (TES) allows 

the possibility to store heat and operates based on the demands rather than the constraints of weather 

conditions (Chaanaoui et al., 2016; Guédez, 2016). Such dispatchable attribute allows the control of plant 
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operation which benefits the grid distribution planning and its stability maintenance. Thus it is more 

promising and suitable for the future electricity generation system, especially in the areas with less cloud 

cover and more direct radiation. In addition, the use of air as heat transfer fluid (HTF)  could achieve higher 

operating temperature (up to 8000-1000 degrees) compared to 565 degrees using molten salt (Denholm et 

al., 2015). Higher temperature improve the efficiency and also provide possibility to involve a combined 

cycle which could make further progress. Solid material like rock and concrete utilized as thermal storage 

medium reduce the costs for thermal storage further cut off the levelized cost of electricity (LCOE).  

  

On the other hand, according to the data from REN21 (figure 2), by the end of 2017, fossil fuel still takes 

up 79.5% energy consumption and non-renewable electricity shares 73.5% of total electricity, while CSP 

occupies even less than 0.4% in electricity production even if capacity kept increasing in the last ten years 

(REN21, 2018). One of the reasons for this situation may be CSP technologies are still capital intensive. 

Only regarding the capacity improvement makes the capital cost and LCOE of such plants much higher 

than other options even though they have dropped down in recent years. The actual construction costs may 

range from 6000 to 9500 USD/kW with 130-260 USD/MWh LCOE (Boretti et al., 2017; Breeze, 2014). 

The fact that costs remain much higher than other technologies make CSP technologies less attractive from 

economic and market perspectives, while considering only costs and benefits, the efficiency and capacity 

of the plants may not satisfy the expectation. Moreover,  efficiency of solid medium TES is much lower 

than molten salt due to huge heat loss (Adeoye et al., 2014). 

 
Figure 2. Energy share of electricity production (REN21, 2018) 

 

Thus,  it is necessary and urgent to evaluate the current design, improve the energy system from multi-

perspectives  and identify a optimal option to compromise the conflicts between different objectives to 

make CSP technologies more competitive with both economically and technically availability-similar 

technical performance but lower costs. Such optimized solution could be further used as reference to 

provide advices to other CSP cases from a different aspect and to  inform the investors and decision makers 

with the actual potential of CSP with TES technology. This thesis focuses on the feasibility of TES 

integration for combined-cycle CSP plants and compares different strategies and sizing. 

 

 

 

1.2 Aim & Objectives 

The thesis evaluates the performance of a combined-cycle CSP using air as HTF with different  TES 

strategies and identifies a compromising optimal option based on techno-economic analysis in order to 

better design the CSP plants and increase the competitiveness during the decision-making process. 
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In order to reach the targets, the steps of the research consist of: 

● develop the model of  combined-cycle CSP  

● integrate the plant with different TES strategies 

● inplement the model in dynamic simulation analyzing tools 

● evaluate and compare techno-economic performance of the plants 

● optimization and improvement of the plant 

 

1.3 Methodology 

The thesis work presented with the help of the following methodologies, and the study steps are 

summarized in figure 3: 

● Literature review: an overview of the relevant theoretical framework, such as fundamental 

knowledge and concept of CSP, combined cycles and TES technologies, is presented in chapter 2 

● Acquaintance of simulation tool: SAM, EES, TRNSYS and MATLAB are used during the research. 

The description of the tools and simulation approaches are demonstrated in chapter 3. 

● Data collection and implementation of the model: a description of the certain energy system 

structure and processes with necessary parameters at designed conditions as well as implementation 

and integration of TES system are presented in chapter 4.  

● Performance evaluation and optimization: techno-economic analysis of the performance of 

combined-cycle CSP with different TES strategies under a certain market context. Then multi-

objective optimization methods are utilized to evaluate the influence of different parameters on 

critical indicators of the performance. The results are presented in chapter 5. 

● Improvements: based on designed case, two improved schemes are performed and analyzed to 

find the optimal solution for the case. The analysis is presented in chapter 6. 

● Conclusion and future work: the whole work is summarized and future work is proposed according 

to the results and findings. 

 

 
Figure 3. Methodology and design  



 

 

  



 

2 Background 
In this chapter, basic concept and knowledge related to the study are demonstrated. All the information 

will be illustrated in terms of: 

● Concentrating solar power technologies 

● Power block and cycles 

● Thermal storage and its integration. 

 

2.1 Concentrating solar power technologies 

Concentrating solar power (CSP) is an electricity generation technology that utilize the sun as a source of 

heat rather than directly transfer into electricity concentrating and collecting the heat energy to heat up heat 

transfer fluid and generate steam to run the turbine (Boretti et al., 2017; Guédez, 2016; Zhang et al., 2013).  

It has a long history: the first solar thermal power plant was built in the 1960s in Italy and its first 

development could date back to 1980’s oil stock (Breeze, 2014; Hamilton, 2011). Though CSP technology 

suffered from a ten-year stagnate phase, it restart to develop at the beginning of 21st century. In 2017, 

global total CSP capacity is 4.9 GW, while Spain and the USA are the leaders with 2.3 GW and 1.7 GW 

respectively (figure 4-left) (Helioscsp, 2018). Integrating TES provides CSP technologies with a more steady 

and increasing capacity, in 2017, TES storage capacity reached 12.8MWh (figure 4-right) . 

   
Figure 4. CSP capacity (left) and TES system capacity (right)-(REN21, 2018) 

 

And more new CSP projects are under construction or plan worldwide (figure 5), it is predicted that by 

2020, CSP plants in total could provide 414 TWh electricity in a year corresponding to 1.3% of global 

electricity production which could cover intermediate and peak loads. Further by 2030, it would increasingly 

provide approximately 3.8% of the global electricity (International Energy Agency, 2010).

 
Figure5. Glaobal CSP plants (SolarPace, 2019).  

 

The sunlight contains direct and indirect radiation. The indirect radiation also called diffused radiation 

means that the sunlight is reflected and scattered by  such as cloud and ground, while the direct one reaches 
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directly (Fondriest, 2017). Diffused radiation could not be used in CSP- only direct radiation, thus, this 

technology has the requirement for the site with higher direct normal irradiation (DNI) and lower level of 

cloud cover (Clark, 2014). 

 

CSP plants mainly consist two components. The one is the solar field (SF) that concentrates and collects 

the energy of infrared from the sun by reflection of a field of mirrors and then the concentrated energy are 

absorbed and converted into useable high-temperature heat by the receiver. There is always a controls 

system embedded in the collectors to track the sun and maximize the reflection.  If the thermal storage 

technologies (TES) are installed, excess of heat are stored for later use. The other one is power block (PB), 

where the heat absorbed in the receiver or stored in the tank  is converted into electricity (Cameron and 

Crompton, 2008). The figure 6 presents schematic stream chart of the forms in a CSP plants.   

 
Figure 6. CSP schematic flow chart (Spelling, 2013) 

 

2.2 Solar Field 

The solar field (SF) accounts for concentrating and collecting solar radiation and then transferring it to heat. 

It consists of three main elements:  

● the collector: usually a filed of mirrors that concentrates solar direct irradiation, 

● the receiver: that collects and absorb the concentrated energy, 

● the heat transfer fluid: that transport heat energy absorbed in the system. 

According to the type of receiver and focus type, the SF technologies could be divided into 4 categories, as 

presented in table 1.  

 

Table 1. Categories of SF technologies(International Energy Agency, 2010) 

 
 

The fixed type receiver is stationary and independent with the focusing collector which eases the heat 

transport to the power block, while the mobile type receiver moves with the focusing collectors which 

allows to absorb more heat and enhance the efficiency. As for the focus type, the line focus collector focus 

the solar energy on a linear receiver tracking the sun along a single axis, while the point focus collector 

tracks along two axis focusing the solar energy at a single point. The point focus type thus achieves higher 

temperature and increasing efficiency (Ferruzza, 2015; Guédez, 2016). All four CSP technologies will be 

further described briefly below. 

 

2.2.1 Parabolic Trough Collector 

Parabolic trough collector (PTC) is line-focus mobile collectors consisting of a series of parabolic shaped 

collectors to concentrate sunlight on the absorber tube (Hafez et al., 2018; Moya, 2012).  The HTF inside 
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the tube is heated to about 400 degrees and then pumped to the steam generator which is connected with 

steam turbine to generate electricity (Purohit and Purohit, 2010). It is the currently most developed CSP 

technology and gaining commercial provability taking up about 90% total installed CSP plants and sharing 

more than 80% global CSP capacity (Baeuerle, 2017). The largest one is located in California with nine solar 

electric generating systems (SEGS) of 30MW (Gharbi et al., 2011). It also takes up 60% of the CSP plants 

that is under construction and 35% of planned plants (Pelay et al., 2017). Figure 7 shows both the schematic 

and real PTC technology plants.   

          
Figure 7.  Schematic PTC (Martini, 2018)[left] and real PTC plant (Power Technology, 2013)[right] 

 

2.2.2 Solar Power Tower 

Solar power tower (SPT), also called central receiver (CR) uses an series of flat or slightly concave two-axis 

tracking mirrors (heliostat) to reflect sunlight and concentrated it onto the receiver which is located on the 

top of a tower in the center of the heliostats field (Baeuerle, 2017; Purohit and Purohit, 2010; Zhang et al., 

2013). The HTF absorbs heat from the receiver and then goes through the heat exchanger to generate 

steam for power generation. Different HTF achieves different temperature, for example, molten salt could 

reach about 565 degrees while gaseous HTF like air could in theory reach 800-1000 degrees. Higher 

temperature, in addition to availability of the integration with thermal storage for dispatchability, 

corresponds to increasing capacity and efficiency (Boretti et al., 2017; Breeze, 2014; Chaanaoui et al., 2016). 

Thus, STP becomes the most promising CSP technology taking up more than 39% global planned CSP 

plants (Pelay et al., 2017).  Now, Spain shares the largest percentage of STP capacity followed by the USA. 

The figure 8 illustrates both the schematic and 17MW Gemasolar plant with 15-hour thermal storage 

(Torresol Energy, 2018). Due to current conflict between costs and capacity,  it is still under development 

with the requirement of both cost reduction and capacity improvement, though the costs have already been 

decreasing over the years.  

     
Figure 8.  Schematic SPT (Martini, 2018)[left] and real SPT plant (Torresol Energy, 2018)[right] 

 

2.2.3 Linear Fresnel Reflector 

As for the linear fresnel reflector (LFR), a row of flat or slightly curved mirrors independently track the 

sunlight and form a linear focus on a downward fixed receivers which locates on the small towers or tubes 

to transfer heat to a absorber and finally run a steam cycle(Baeuerle, 2017; Lovegrove and Csiro, 2012; 

Martini, 2018). Low profile and simpler fixed structure result in lower construction and production costs, 

but the efficiency of this technology, maximum 64%,  remain much lower than PTC due to more losses. 
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Thus, it is less commercially available. The first commercial plant in the world, NOVA-1, locating in Spain, 

produces electricity since 2009 with only 1.4MW (Gharbi et al., 2011).  Figure 9 demonstrates the schematic 

and NOVA-1 plant in Spain. 

       
Figure 9.  Schematic LFR (Martini, 2018)[left] and real LFR plant (Novatec Biosol, 2010) [right] 

 

2.2.4 Parabolic Dish 

Parabolic Dish (PDs) is a point-focus two-axis tracking device with a series of mirror forming a 3D  

paraboloid that concentrates solar energy onto a receiver which is located at the focal point of the dish.  It 

is the most appropriate way as it has the highest concentration ratio in the range of 600-3000 among the 

CSP technologies and the operating temperature can be over 1800K which allows the optimal energy 

conversion efficiency (Joardder et al., 2017; Kalogirou, 2014; Lovegrove and Csiro, 2012; Orosz and Dickes, 

2017). In theory, the efficiency could be up to 29.4% (Hijazi et al., 2016). The recent application of parabolic 

dishes is connected with stirling engines, but due to high costs and unavailability of TES integration, 

parabolic dishes technology is not recommended at large scale (Guédez, 2016; Purohit and Purohit, 2010). 

The figure 10 shows both the schematic and real PDs technology plant- Big Dish- in Australia.  

                   
Figure 10.  Schematic PDs (Martini, 2018)[left] and real PDs plant (Sunrise CSP, 2015) [right] 

 

2.3 Power Block 

Power block is a power conversion system that transfer the heat absorbed from the receiver to electricity 

through a thermodynamic cycle. The choice of the thermodynamic cycle depends on the highest 

temperature achieved in the system which also influence the efficiency of the conversion. The three most 

commonly-used thermodynamic cycles are Brayton cycle, Rankine cycle and combined cycle (Behar et al., 

2013).  

 

Rankine cycle use water as working fluid. During the cycle, saturated water at high pressure is heated up 

and converted to usually superheated steam. The steam then expands through a steam turbine to produce 

electricity. After leaving the turbine, the steam with low quality and low pressure is converted to saturated 

water in a condenser. Then the water is pumped to a high pressure ready to be heated up. If the working 

fluid is organic fluid with high molecular mass, it could be organic Rankine cycle (ORC). It is valid to 

convert low-temperature heat (below 250 degrees) into electricity for a small scale. It is more suitable for 

waste heat recovery (Lecompte et al., 2015; Öhman, n.d.). Brayton cycle, proven commercially, usually 
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utilize compressed air as HTF to raise its temperature to about 1000°C to run a gas turbine. The whole 

processes are quite similar with Rankine cycle, consisting 4 main steps: compression, heating, expansion 

and condensing. But it is able to reach a higher pressure and higher temperature(Thirumalai et al., 2014).  

 

When the temperature is over 850 degrees, utilization of Brayton cycle or gas turbine offers potential of 

higher efficiency when combined with Rankine cycle, while it is burdened by the material limitation and 

unavailability of TES integration. When using steam cycle, a reheat, regenerative Rankine cycle is employed. 

The technology is mature with lower risk in addition to possibility of  integration with different types of 

CSP technology and TES (Spelling, 2013).  

 

2.4 Thermal Storage 

Thermal energy storage (TES) technology is necessary for CSP to compete with other power generation 

options from both technical and economic perspectives. Unlike hybridization consuming fossil fuel with 

greenhouse gases emissions, there is no emission problem in the operation stage when using TES 

technologies.  Nowadays, about 47% of the operating CSP plants  and more than 70% of planned or under 

construction plants integrate with TES. TES becomes a key component of CSP plants which deserve more 

research (Pelay et al., 2017).  

 

2.4.1 TES media 

TES systems can be classified into three categories: sensible heat storage, latent heat storage and 

thermochemical storage (Kuravi et al., 2013a).  

 

The sensible heat storage systems collect energy, actually internal energy, by temperature change of the 

medium,usually solid or liquid, without phase change (Gil et al., 2010). The energy stored through sensible 

heat storage could be calculated by the following equation: 

𝑄𝑠𝑒𝑛 = 𝑚 × 𝐶𝑝 × 𝛥𝑇 

It is highly depends on heat capacity of the medium, thus the substance with high thermal conductivity, 

density and specific heat are preferred. Besides, materials with low price and less environmental impact are 

more suitable (Prieto et al., 2016). Solids such as rock and concrete with lower risk of leakage are always 

chosen due to its low costs and easy availability, but the thermal properties would be influenced by 

increasing energy resulting in huge heat losses. Liquid media like molten salt are more commonly used 

because of higher conductivity and heat capacity which correspond to better performance, while it suffer 

from high cost and corrosion issues (Gil et al., 2010; Kalaiselvam and Paramenshwaran, 2014a).   

 

The latent heat storage system take advantages of phase change of the medium to store large quantities of 

thermal energy- nearly isothermally. Phase change varies from solid-solid, solid-liquid and liquid-vapor 

transition. Solid-liquid transition are most commonly used as a result of compensate for low volumetric 

expansion and high latent heat. The quantity of energy could be stored with solid-liquid transition  is (Kuravi 

et al., 2013a) 

𝑄𝑙𝑎𝑡 = 𝑚 × [𝐶𝑝𝑠 × (𝑇𝑚 − 𝑇𝑠) +  ℎ + 𝐶𝑝𝑙 × (𝑇𝑙 − 𝑇𝑚)]  

The substance used for latent heat storage is called phase changer material (PCM). PCM storage systems 

provided improved storage capacity for higher energy density and  constant temperature, which further 

provide options with low costs (Gil et al., 2010). But it also has weaknesses, low thermal conductivity that 

leads to slow charging and discharging. And the costs would increase dramatically for compensating this 

drawback (Pelay et al., 2017).  

 

Another option is thermochemical storage which make use of reversible chemical reactions to store with 

endothermic direction or release energy with exothermic direction. The potential storage capacity relies on 
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the enthalpy of reaction and completeness of the reaction and it could be calculated as below (Kuravi et al., 

2013a): 

𝑄𝑐ℎ𝑒 = 𝑓𝑎 × 𝑚 × 𝛥𝐻 

Thermochemical storage is promising as it could store more energy compared to sensible and latent heat 

storage (in theory 10 times of latent heat storage) because of high energy density. But it is a young 

technology which require more studies to reduce costs and integrate with CSP technologies (de Jong et al., 

2014; Kalaiselvam and Paramenshwaran, 2014b). The reaction currently studied is methane steam 

reforming with energy density of 6053 kJ/kg and temperature of 480-1195 degrees (Sarbu and Sebarchievici, 

2018).  

 

2.4.2 TES integration 

According to the location of media within the TES, TES system could be classified into two categories: 

active and passive storage. In the former system, the medium flows by forced convection heat transfer 

while in the latter system, medium remain static. Considering the  material of TES medium and HTF, active 

storage could be further classified into two categories: if the material is used as both HTF and TES medium, 

it is direct system; otherwise, it is indirect system (Zhang et al., 2016). Figure 11 demonstrates the 

classification of TES system with some applications. Also, there is a trend to install combined systems that 

use multiple thermal storage technologies to minimize losses and improve efficiency and capacity, for 

example, combining concrete storage (sensible heat storage) with PCM module-NaNO3 (latent heat storage) 

(Kuravi et al., 2013a). 

 
Figure 11. Classification of TES concept (Gil et al., 2010; Kuravi et al., 2013a) 

 

Two-tank storage systems are currently most commercially mature and widely used in real operation with 

CSP technologies (Kuravi et al., 2013a). It can be installed as both direct and indirect systems, and the 

medium is mainly molten salt or synthetic oil. The medium is pumped through cold tank to absorb thermal 

energy at receiver or heat exchanger and then store in the hot tank for later use. It has low risk and provides 

ability to rise up operating temperature and reduce size of TES with increasing efficiency of power block. 

However, the medium requires higher costs and the system may suffer from solidification and corrosion 

problems(Gil et al., 2010). Figure 12 presents both structure of direct and indirect two-tank system. 

      
Figure 12. Direct [left] and indirect [right] two-tank system (Pelay et al., 2017) 

 

In single tank system (also called thermocline system), hot and cold medium are stored in the same tank 

with a stable thermal gradient inside the tank  (Kuravi et al., 2013a). It could be utilized as either active or 

passive system with both sensible and latent heat storage. In general, the cold medium is charged and 
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discharged  at the bottom while the hot part at the top. Single tank system requires much lower costs for 

TES and cheap solid material such as rock and sand could also be used as medium. But the systems may 

be rather complex as well as huge heat loss leading to lower efficiency (Gil et al., 2010). Figure 13 presents 

two different kinds of thermocline systems 

    
Figure 13. Active [left] and passive [right] thermocline system (Pelay et al., 2017) 
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3 Analyzing Tools 
In the chapter, all the analyzing tools used in the study will have a short description, including the purpose 

and some previous researches studied with such tools. It will be presented by: 

● System advisor model 

● Engineering equation solver 

● Transient system simulation 

● Matrix Laboratory 

 

3.1 System Advisor Model(SAM) 

SAM, modelling software for renewable energy system, is developed by National Renewable Energy 

Laboratory (NREL). It provides both annual energy production prediction and financial models for 

economic analysis. It contains a series of models for CSP technologies (Dobos et al., 2014) .  

 

There are several researches and studies on CSP technologies using SAM: Dobos et al. studies validated the 

accuracy of several CSP models including solar tower plants (Dobos et al., 2014); Ezeanya et al. focused on 

modelling and simulation of solar tower plants (Ezeanya et al., 2018); Rouibah at el. utilized SAM to evaluate 

the performance of solar tower plants (Rouibah et al., 2018); Turchi and Heath described solar tower plants 

with cost function models (Turchi and Heath, 2013); and Wagner studied on and validated solar field part 

of CSP plants (Wagner, 2008).  

 

In this study, SAM is used for calculating solar field efficiency matrix. By adding and setting weather data 

and information about solar receiver, tower and heliostats, SAM could generate solar field optical 

efficiencies matrix data, which contains azimuth angle, zenith angle and optical efficiency. As the azimuth 

angle and zenith angle data is quite random in the matrix, the file needs a modification converting to desired 

matrix and it would be finally used in annual model simulation. 

 

3.2 Engineering Equation Solver (EES) 

Engineering Equation Solver provides solutions for thousands algebraic, differential and integral equations.  

It could be used for optimization, uncertainty evaluation and plots generation. One feature that makes EES 

different with other current equation solvers is that it offers transport and thermodynamic property 

database which includes hundreds of substances, such as air, ammonia and common refrigerants (F-Chart, 

2019; Klein, 2002). EES is capable to do parametric studies. Selected variables are listed in a table. The 

users choose and determine the value of one of the variables with a range and EES will solve the table to 

calculate the values of all dependent variables (Klein, 2002). 

 

In this study,  EES is used to calculate critical parameters in the models of steady state by taking advantages 

of air and water property dataset to solve calculation in Brayton and Rankine cycle, and utilizing parametric 

table to figure out power ratio with different expansion ratio as well as mass flow division and constraint 

between TES and bottoming Rankine cycle.  

 

3.3 Transient Systems Simulation (TRNSIS) 

Transient Systems Simulation is a graphically based transient dynamic simulation tool, focusing on thermal 

and electrical energy system assessment. It mainly consists two parts-library of components and kernel. The 

former provides models of different parts of several thermal and electrical energy systems, and the latter 

deals with input files, find solutions and present the results in figures. The Solar Thermal  Electric 

Component (STEC) libraries are developed by Peter Schwarzbözl and Scott Jones in 2002. They are used 

to simulate solar and conventional power generation systems that converts thermal energy to electricity 

(Schwarzbözl, 2006). 
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There are several researches and studies on simulation of CSP technologies using TRNSYS: Bhutka et al. 

developed and validated 18 CSP plant models in India with annual simulation (Bhutka et al., 2016);  

Remlaoui et al. dealt with dynamic simulation of CSP plants in winter periods (Remlaoui et al., 2018);  

Flueckiger et al. presented a simulation of solar tower plant with TES on system level (Flueckiger et al., 

2014);  Castillo O. developed and analyzed a model for combined hybrid CSP and PV power plants with 

the tool (Castillo O., 2014);  and Raza el al simulated 1MW solar tower power plant in Pakistan during the 

summer periods (Raza et al., 2018). 

 

In this study, TRNSYS are used to perform an annual simulation of combined-cycle solar tower power 

plants with TES for different strategies, acquiring data on power output, temperature details and heat 

transfer for further techno-economic analysis in MATLAB.  

 

3.4 Matrix Laboratory (MATLAB) 

MATLAB is a numerical computing and analyzing environment that provides manipulation of matrices and 

data plotting. It makes it easier to process and visualize data with a programming language which describes 

data operation (MATLAB, 2019). 

 

In this study, MATLAB is used for data analysis to evaluate the techno-economic performance of the plants, 

calculating costs through cost functions and generating plotting to show the costs share and comparison.  
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4 Steady-state design 
In this chapter, the base case at designed conditions will be described specifically, including some 

parameters and methods for calculating critical parameters. All the information will be presented in terms 

of : 

● Motivaiton  and previous work 

● Location  

● Equipment: solar field, power block and TES system 

● Economic indicators  

● Control strategy 

 

4.1 Motivation: 

In this study, the focus would be a combined-cycle solar tower power plants integrating with TES 

technology located in southern Europe. Solar tower takes up the most proportion in new CSP plants, which 

are either under construction or design (Thirumalai et al., 2014). But the technology remains constrained 

by competitiveness on costs. It is necessary to develop implementation with lower costs. The steady-state 

design is implemented in EES with input design parameters. The components in the system are sized and 

data required for dynamic design is collected. More plant details including critical parameters would be 

described in following sections.  

 

4.2 Previous work 

Several studies has been done on CSP with TES from different perspectives: 

● some provided brief basic knowledge on CSP technologies. Behar et al, Chaanaoui et al, Zhang et 

al, Boretti et al, Lovegrove and Csiro, Dunn et al, and Cameron and Crompton described the 

fundamental concept of CSP technologies, such as structure and design methodology, as well as 

the analysis of CSP technology studying on historical and current status and predicting the future 

trends to encourage the development of this renewable energy production industry (Behar et al., 

2013; Boretti et al., 2017; Cameron and Crompton, 2008; Chaanaoui et al., 2016; Dunn et al., 2012; 

Lovegrove and Csiro, 2012; Zhang et al., 2013). 

● Some offered reference on costs evaluation. IRENA provided some detailed methods on how to 

evaluate CSP technologies from economic perspectives and some formulas for calculating costs of 

the whole plants from production to operation processes (IRENA, 2012) and Denholm et al 

especially aimed to methods for CSP with TES (Denholm et al., 2015). Turchi and Heath presents 

a cost model for solar tower power plant, dividing the system into five different parts and costs 

into three categories to analyze the impacts of different cost categories on different parts of system 

(Turchi and Heath, 2013). NREL presents the current situation of CSP technology from economic 

aspect and provided possible improvement directions (Turchi, 2017). Gakkhar and Nikhil assessed 

the judgement level of different economic parameters (Gakkhar and Soni, 2014), which helps to 

choose critical ones in the study. 

● Some integrated TES technologies with CSP technologies. Sarbu and Sebarchievici, Kalaiselvam 

and Paramenshwaran, and Zhang et al gave comprehensive basic concept of TES system and 

development (Kalaiselvam and Paramenshwaran, 2014a; Sarbu and Sebarchievici, 2018; Zhang et 

al., 2016). Pelay et al and Kuravi et al presented different TES integration methods with CSP 

technology, as well as various types of storage (Kuravi et al., 2013b; Pelay et al., 2017).  Ma et al, 

Zanganeh et al, Gil et al, Jemmal et al and Ferruzza studied on pecked bed system integrated in the 

CSP which could reach a higher operating temperature and validated the feasibility of this 

utilization (Ferruzza, 2015; Gil et al., 2010; Ma et al., 2014; Zanganeh, 2014; Zanganeh et al., 2012; 

Jemmal et al., 2015). 
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● Some presented both technological and economic analysis for a certain plant model with TES 

technology.  Spelling et al studied on hybrid combined-cycle CSP plants (Spelling et al., 2014), and 

Nezammahalleh et al also worked on combined-cycle but they integrated direct steam generation 

rather than Rankine cycle (Nezammahalleh et al., 2010). Guedez et al focuses on tower based CSP 

with molten salt TES system (Guédez, 2016). And peters et al analyzed CSP technologies and the 

policies as well (Peters et al., 2011). Though some cases have different schemes with this study, 

they provided references for methods of techno-economic analysis. 

 

4.3 Location 

The plants is set to be located in Sevilla (37°22'58.19"N, 5°58'23.41"W), the southwestern part of Spain 

(Figure 14). The world’s first commercial solar tower power plant, PS10, are located near sevilla, as well as 

another one, PS20 (Morton, 2014). There, solar direct radiation is quite high during the day with lower level 

cloud cover. It is suitable for CSP technologies to have a desired constant power output. The weather file 

of Sevilla is collected from European Commission Photovoltaic Geographic Information System 

(European Commission, 2017), which contains meteorological data from 2007 to 2016.  

 
Figure 14. Location of the plant 

 

4.4 Solar Field 

Solar tower is used in the study,  the central receiver is surrounded by a series of mirrors (heliostats). Each 

mirror could trace the sunlight at two axises and reflect it to the receiver (figure 15). The efficiency for 

different time with different azimuth and zenith angle is calculated by SAM and converted to 9*7 matrix. 

The receiver is set to reach 950 degrees C. Some parameters for SF are presented in table 2. 

 
Figure15. Simplified structure of solar part. 

 

Table 2. Parameters for solar part 
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Paramter Value Unit 

design SM 2 [-] 

design DNI 850 [W/m2] 

design number of heliostats 2196 [-] 

heliostats area 144 m2 

receiver efficiency 0.8 [-] 

receiver set point 960 [C] 

 

4.5 Power Block 

A combined cycle (Brayton cycle as topping and Rankine cycle as bottoming)  is used as power block. The 

solar thermal energy concentrated by the heliotates around the solar tower transfer to the air in Brayton 

cycle and then from air to water in Rankine cycle to drive both cycles generating power. First, high-pressure 

air (after compression) passes through the receiver and absorbs heat. Then it goes to the gas turbine for 

power generation at first stage, the high-temperature exhaust air then goes through heat recovery steam 

generation (HRSG) converting  pressurized water into superheated steam. The high-pressure superheated 

steam is expanded in steam turbine to generate more electricity.  After condensating, the water is pumped 

from low pressure to high pressure into HRSG again to produce steam. For the whole model, Brayton cycle 

operates as an open loop while Rankine cycle operates as a closed loop. The figure 16 shows the 

configuration of the CSP (SF and PB) studied in this thesis project. The orange line represents air flow in 

the Brayton cycle and the blue line represents water flow in the Rankine cycle. And some parameters for 

PB is presented in table 3. 

 
Figure 16. Configuration of CSP without TES 

 

 

 

 

Table 3.  Parameters for power blocks 

                          parameters value unit 



 

 
 
 

Brayton Cycle 

design air temperature 25 [C] 

compression ratio 15 [-] 

expansion ratio 15 [-] 

net power output 50 [MW] 

compersser efficiency 0.89 [-] 

 
 

Rankine Cycle 

steam pressure 100 [bar] 

pinch point 8 [K] 

pump efficiency 0.9 [-] 

Both Cycle turbine efficiency 0.93 [-] 

generator efficiency 0.98 [-] 

 

 

 

4.6 Thermal Storage 

4.6.1 description 

Also, a passive TES system- rock bed is integrated into the solar tower power plant to store redundant heat 

for later use. The energy is stored through sensible heat without any phase change. During charging process, 

air as HTF goes through the receiver to absorb thermal energy, after going through the gas turbine, the air 

would be divided into two flow: one goes through HRSG equipments to generate steam for Rankine cycle, 

the other go through TES system from the top to the bottom of the tank heating the inside rock to store 

extra energy for later use. While discharging, the air goes through the tank from the bottom to the top 

absorbing heat from the TES system and carries the heat to HRSG for the Rankine cycle part.  The simple 

structure of the TES system is shown in the figure 17, and some parameters are presented in table 4. 

    
Figure 17. Whole plant structure(left) & TES system-Rock Bed(right) (Zanganeh, 2014) 

 

 

https://www.zotero.org/google-docs/?X3cmh4


 

Table 4. Parameters for TES 

Parameters Value Unit 

TES capacity 10 [hr] 

effective density 1800 [kg/m3] 

effective specific heat 800 [J/kg] 

effective conductivity 1.5 [W/(m*K)] 

discharging pressure 1.2 [bar] 

 

4.6.2 Heat transfer analysis 

There are several researches studying on pecked bed or porous media. Kaviany and Delgado worked on 

the principles and basic concept of heat transfer in porous media (Delgado, 2012; Kaviany, 1995). Allen eat 

al provided specific knowledges on rock bed TES, including costs (Allen et al., 2016). Wakao and Kagei, 

and Esteves et al offered fundamentals of heat transfer in rock bed (Esteves et al., 2017; Wakao and Kagei, 

1982). Anderson et al validated packed bed TES system experimentally (Anderson et al., 2015). Laubscher 

et al, Allen et al, and Zanganeh et al worked on rock bed TES design and modelling in different scale (Allen 

et al., 2014; Laubscher et al., 2017; Zanganeh et al., 2012), providing specific methods for the TES system 

in this study.  

 

The rock used in TES is assumed to be crushed rock, which is non-uniform. In order to calculate critical 

parameters for modelling,  some are calculated as following correlations and equations, according to the 

principles of heat transfer and specific case study through literature review.  

 

As the rock is irregular, average volume-to-surface area diameter is used to define the equivalent particle 

diameter (Laubscher et al., 2017): 

𝐷 =  6 ×
𝛴𝑉𝑝

𝛴𝐴𝑝
 

 

where, Vp is the total volume of the rock and Ap is the total surface area of the rock.  

 

According to the experimental results of Allen et al (2014) and Wakao and Noriaki (1982), non-dimensional 

coefficients- Reynolds number and Nusselt number are calculated as following equations: 

𝑅𝑒 =  4 ×
𝜌 × 𝑣𝑠

𝜇(1 − 𝜀)
×

𝛴𝑉𝑝

𝛴𝐴𝑝
 =  

2

3
×

𝜌 × 𝑣𝑠 × 𝐷

𝜇(1 − 𝜀)
 

𝑅𝑒
𝑝 = 

𝜌×𝑣𝑠×𝐷

𝜇
 = 

3(1−𝜀)

2
×𝑅𝑒

   

𝑁𝑢 =  2 +  1.1 × 𝑅𝑒0.6 × 𝑃𝑟
1
3 

where Rep is the particle Reynolds number, ε is void fraction in TES system, ρ air density, μ air viscosity 

and Pr is the Prandtl number. The superficial flow speed vs is calculated as follows: 

 

𝑣𝑠 =  
𝑚

𝜌 × 𝐴𝑐𝑠
 

 

where m is the air mass flow rate and Acs is the total cross-sectional area of TES.  

Thus, for axial air through the TES, heat transfer coefficients: 

https://www.zotero.org/google-docs/?AFpJi2
https://www.zotero.org/google-docs/?invI3T
https://www.zotero.org/google-docs/?lKdM7X
https://www.zotero.org/google-docs/?lKdM7X
https://www.zotero.org/google-docs/?oRZ3SW
https://www.zotero.org/google-docs/?lOIw7o
https://www.zotero.org/google-docs/?lOIw7o
https://www.zotero.org/google-docs/?313RVr


 

 

ℎ =
𝑁𝑢 × 𝑘

𝐷
= (

𝑘

𝐷
)(2 +  1.1 × 𝑅𝑒0.6 ×  𝑃𝑟

1
3) 

 

where k is thermal conductivity of the air.  

As for pressure drop,  according to Allen et al (2015) , fraction factors is  

 

𝑓 =  
𝛥𝑝

𝐿(𝜌 × 𝑣𝑠2/2)
×

𝜀2

(1 − 𝜀)
×

4 𝛴𝑉𝑝

𝛴𝐴𝑝
=

172

𝑅𝑒
+

4.36

𝑅𝑒0.12
 

 

4.7 Economic Indicators 

As one of the objectives of this study is to verify economic feasibility of the plants, according to the 

literature, CAPEX and LCoE are chosen to mainly analyze the economic performance.  

 

CAPEX of the whole plant can be expressed by the sum of total equipment costs and its installation costs, 

civil engineering and project engineering costs and construct costs. The equipment costs include costs on 

all components in 4 categories- solar part(solar field, tower receiver), Brayton cycle part (compressors, gas 

turbine, generator), Rankine cycle part (HRSG, condenser, steam turbine and pump), TES part and their  

piping systems. The installation costs is assumed to be 20% of the equipment costs. The civil engineering 

costs can be calculated based on reference cost value, which is sensitive to total net electrical power of the 

plant. And the project engineering costs and construction costs are 5% and 10% of the sum of equipment, 

installation and civil engineering costs, respectively.  

 

 

 

 

 

 
 

LCoE is the average costs for producing one unit of electricity. It is expressed by the sum of annualized  

CAPEX, annual OPEX, and annualized decomposition costs divided by total net electrical energy in one 

year. OPEX is annual operational  costs which consists of maintenance costs, control system costs and 

administration costs. maintenance costs is assumed as addition of 1% civil engineering costs and 2% 

equipment costs. Cost on decomposition is assumed as 5% of the sum of equipment, installation and civil 

engineering costs. In order to express annualized CAPEX and decomposition costs, capital return factors-

α and β are used. In the equations, i stands for real interest rate, nop, ncon, ndec for plant life time, 

construction time and deconstruction time respectively, and kins for insurance rate. Some parameters used 

in the study are summarized in table 5. 

 

 

 
α={i∗(i+1)^(n_op )∗[(i+1)^(n_op )-1]^(-1) }∗((1+i)^(n_con )-1)/(n_con∗i)+k_ins   

β=[(i+1)^(n_dec )-1]/(n_con∗i∗(i+1)^(n_dec-1) )∗(i∗(i+1)^(n_op )-1) 



 

 

 
 

 

 

Table 5. Parameters for cost functions 

Parameters Value Units 

civil engineering reference costs 35.6 M$ 

control system costs 100000 $/year 

administration costs 35000 $/year 

i 7 % 

k_ins  1 % 

life time 30 year 

construction/deconstructon time 2 year 

 

 

4.8 Control Strategies 

There are 4 situations and 7 modes for operating the system considering solar direct normal irradiation 

(DNI) and the state-of-charge (SOC) of the TES system: 

● When DNI is equal to 0, such as during the night, solar field is not able to provide any energy, thus 

no production from Brayton cycle. When the tank is not empty (SOC is larger than minimum 

limitation), the tank is discharged at designed mass flow to meet the demand of Rankine cycle. 

Otherwise the plant is switched off. 

● When there is some irradiation but is smaller than minimum requirement, solar field only provides 

limited energy to the plant, which is not enough for running the Rankine cycle. Thus, only Brayton 

cycle operates. If the tank is not full (SOC is smaller than maximum limitation), the tank is charged 

at a low rate, but if the tank is already full, there is no changing. 

● When DNI is larger than minimum one but smaller than designed one, the energy from the solar 

field, though limited, can support to run the whole system at a low rate. At this situation, there is 

no charging for TES as all exhaust gas from Brayton cycle should be injected into HRSG to 

accommodate the requirement of Rankine cycle.  

● When DNI is larger than designed one, energy from solar field is not only enough for the whole 

plants, but also has extra energy can be stored. The whole plant operates as designed, and if the 

tank is not full, the extra energy could be stored in TES.  

 

Figure 18. presents the logic scheme for controlling operating modes. 



 

 
Figure 18. Logical control for TES  



 

5 Result and Sensitivity Study 
This chapter will present the techno-economic performance of the base case like steady-state design. This 

would be presented in terms of: 

● Thermodynamic performance of  base case during annual operation 

● Economic performance of base case 

● Sensitivity study for base case and comparison 

 

5.1 Thermodynamic performance of base case 

The one-year simulation result for the base case under designed conditions are performed in software 

TRNSYS. Due to similarity of trends in the most time of the year and large amount of data for the whole 

year, the thermodynamic performance is presented in 15 days randomly selected in the year. Figure 19 

illustrates DNI and SOC changing trends during 15 days, and figure 20 presents changing trends of net 

power output from both cycles for the same period.   

 
Figure 19. DNI and SOC changing trends in 15 days 

 
Figure 20. Net power output of both cycles changing trends in 15 days 

 

According to the figures above, with solar radiation changing during the days, as what DNI presents, net 

power output from Brayton cycle changing accordingly, having almost same trends with DNI trend no 

matter how fickle DNI changes in a day (figure 21). As DNI changing, thermal energy concentrated from 

the solar field changes accordingly, which influence the mass flow rate in the Brayton cycle and therefore 

influence the net power output.  



 

                   
Figure 21. Comparison of trends of DNI (left-blue) and Brayton cycle net power output (right-blue)  

  

For the Rankine cycle, the trend seems more complicated. The net power output from Rankine cycle, unlike 

Brayton cycle which is only sensitive to DNI, is influenced by both DNI and SOC.  

● When DNI is 0, the power output of Rankine cycle is determined by SOC at the starting point of 

discharging process. If SOC is quite high which means the tank contains quite a lot of energy, 

especially larger than 0.6, during the discharging process with decreasing SOC, the net power 

output will keep stable for a while at the beginning, and the decrease at an increasing rate (figure 

22-left). But if the starting SOC is less than 0.6, the power output would decrease in a faster rate 

from the very beginning, as trends in the fifth, fourteenth and fifteenth day (figure 22-right). This 

is Because when the tank is quite full, the top node temperature of TES is at maximum value and 

could keep constant for a while, thus providing constant energy to Rankine cycle. Then with 

decreasing energy in the TES, top node temperature decreases in an increasing rate. At constant 

air flow rate, energy for Rankine cycle decrease accordingly in an increasing rate which then 

influence the net power output. However, when coming across cloudy or rainy days, the tank is 

quite empty containing less energy at the beginning of discharging, the top node temperature may 

not reach the maximum value or even at a low level, thus with SOC decreasing, the net power 

output of Rankine cycle decreases very fast and the tank is soon empty.  

                 
Figure 22. Net power output of Rankine cycle during discharging beginning with different SOC 

 

● When DNI is not zero, the net power output of Rankine cycle are mainly determined by DNI. 

During some days, the power output during the day is stable, while in some days (figure 23-left), 

the power output would have sudden change with several peaks (figure 23-right). In some days, 

DNI keeps high enough for running as designed conditions, so the Rankine cycle produces 

electricity constantly, while sometimes, the DNI changes fast, suddenly decreasing to a very low 

level which can’t even meet the demand for running at lower rate, the Rankine cycle would 

suddenly shut down without any power output. Then, the DNI may increase back to designed 

conditions shortly, the Rankine cycle is able to operates again. If the DNI changes abruptly in a 

day, there would be several peaks formed.  

           



 

Figure 23 Net power output of Rankine cycle with chaging DNI (orange line)  

● Sometimes, especially during abnormal days, such as cloudy or rainy days, even if DNI is not zero, 

there is no any power output from Rankine cycle during the day (figure 24), because the DNI is 

small the whole day which is not enough for running Rankine cycle but Brayton cycle operates at 

very low rate with TES charging a little bit. Thus, there is no power output when DNI is not 0, but 

a little power output when DNI is 0. As only a small amount of energy is charged, the discharging 

process would be short producing few electricity. 

 
Figure 24. Net power output during abnormal days (orange line) 

 

The SOC trends also related to the change of DNI.  

● When the DNI is zero, discharging process begins and SOC decreases until it is empty (to the 

minimum limitation). As the minimum limitation is 0.1 for SOC, all days presented stops before 

that. This is because, for base case, the operating temperature is not that high, around 400 degrees. 

In order to guarantee the operation of HRSG, the outlet temperature of TES should be higher 

than the temperature of superheated steam.  With this temperature limitation, for the base case, 

the tank would stop before reaching SOC limitation. As a result, though the tank is designed as 10 

hours, it may not be able to discharge for 10 hours.  

● When DNI is larger than zero, there would be two modes (figure 25): if the DNI is too small, lower 

than minimum requirement or it is larger than designed one, TES is charged with SOC increases. 

Larger DNI, representing more extra energy, leads to higher rate of charging, the SOC increases 

faster. Otherwise, if DNI is between minimum requirement and designed value, there would be no 

charging process as all the energy is used to satisfy the demand in bottoming cycle (figure 25 with 

highlight). Thus, When DNI is changing fast during the day, these two modes may occur 

alternatively.  

 
Figure 25. SOC trends when DNI changing fast (SOC-orange, DNI-blue) 

 

5.2 Economic performance of base case 

Based on the results for dynamic performance, economic results are calculated through costs equations in 

MATLAB. For the base case,  the total CAPEX is 249.60 million dollars, annual OPEX is 1.19 million 



 

dollars and LCoE is 196.43 dollars per MWh. The results present the annual OPEX and total CAPEX in 

different categories, and CAPEX share within different categories.  

 

Figure 26. presents catical costs and its share in different categories in million dollar. It is obvious that solar 

part has the largest  costs, which is taking up even more than half of the total CAPEX, almost 4 times of 

costs on Brayton cycle. Installation costs and construction costs are second and fourth respectively, as they 

are related to equipment costs which includes solar costs. Brayton is the third cost-intensive categories, 

which costs about 35 million dollars. Rankine cycle, generators and TES have quite low costs, especially 

TES system, which has the lowest CAPEX requirement among all categories, validating that rock is cheaper 

option used for TES, compared to molten salt and oil.  

   
Figure 26. CAPEX(left) and its share(right) in different categories 

 

With the help of figures of CAPEX share in Brayton cycle, Rankine cycle and solar parts, it is more clear 

where is more cost-intensive.  

● Figure 27 presents the CAPEX share within solar part. The solar field, containing costs for the 

heliostats and land occupy more than 50% of the costs on solar part, which means, heliostats and land 

will costs more than 25% of the total CAPEX. This mainly due to high costs of mirror, which is 200 

dollars every square meters. In the study, more than two thousand mirrors with area of 144 square 

meters are used, which even require more lands to install. Receiver is also quite cost-intensive, taking 

up more than 35% of solar costs. Because costs on receiver is expressed by the area multiply by product 

of reference costs and setpoint temperature in Kalvin, and  the setpoint for receiver is 950 degree C 

(equal to 1223.15K).  

 
Figure 27. CAPEX share in solar part 

 

● Figure 28 presents the CAPEX share within Brayton cycle. Turbine takes up more than 60% of the 

costs of Brayton cycle, followed by compressor which takes up about 20%.  Turbine cost is  sensitive 

to compression and expansion ratio-higher compression and expansion ratio would cause higher costs. 



 

Since in the base case hot air is fully expanded, the costs of turbine would be high. Though aux costs 

shares the smallest percentage, it is still about 10%, and the aux cost is sensitive to designed power of 

Brayton cycle- higher costs with increasing power. 

 
Figure 28. CAPEX share in Brayton cycle 

 

● Figure 29 presents the CAPEX share within Rankine cycle. HRSG is the most cost-intensive one 

within the category, followed by turbine and condenser. Unlike brayton cycle, pump takes up a small 

percentage. HRSG cost is relative to temperature and mass flow rate of both steam and exhaust gas, 

as well as the HRSG design, such as pinch point. Since the temperature of exhaust air is quite close to 

temperature of superheated steam, which means requiring larger air mass flow rate, with constant total 

thermal energy requirement, the cost will be high. The cost of steam turbine and aux is also sensitive 

to designed power of Rankine cycle- higher designed power would lead to higher costs on both aux 

and turbine. In addition, the costs of turbine is sensitive to turbine inlet temperature (TIT)- with 

increasing TIT, the costs increases. The cost on condenser mainly comes from large amount of cooling 

fluid.  

 
Figure 29. CAPEX share in Rankine cycle 

 

In general, for traditional combined cycle gas turbine plants, at same total net power output,  CAPEX of 

CCGT is 95.69 million dollars and LCoE is 148.23 dollars per MWh. Compared with conventional CCGT, 

the plant has higher CAPEX and LCoE. Though the efficiency of CSP plant is better than CCGT (49% 

v.s. 43%) and CCGT relies on natural gas having more risks and environmental impacts, this CSP plant is 

still not economically competitive, and requires improvements. Moreover, CCGT has constant power 

output while for the base case, Brayton cycle can’t operates without DNI and energy stored in the TES is 

not enough for the whole time without DNI. The comparison of CCGT and base case is presented in figure 

30.  



 

 
Figure 30. Comparison of CCGT and base case 

 

5.3 Sensitivity study 

Based on the base case, three indicators are chosen to evaluate and compare the performance : 

● LCoE. LCoE measures costs during lifetime divided by energy production. The value presents the 

costs of constructing and operating a power plant over the lifetime and allows comparison of 

different technologies with different lifetime, risks, CAPEX and capacity. In general, the goal is to 

achieve as low LCoE as possible. 

● UFn. UFn measures efficiency of converting other kind of energy into electricity, which takes 

instability of energy sources into consideration. It is more accurate for renewable energy technologies 

such as solar power. In general, the goal is to achieve as high UFn as possible. 

● CAPEX. Unlike conventional power plants which utilizes fossil fuels during operation, total cost 

throughout the whole span life of CSP plants is dominated by the initial investment cost, which may 

take up about four-fifths of the total cost. It is an important indicator to measure if the plant is 

economically feasible. In general, the goal is to achieve as high UFn as possible. 

Among three indicators, as long as CAPEX is within an acceptable range, LCoE is the most important one 

since the main purpose is to increase the economically competitiveness of CSP plant. Then it is followed 

by UFn.  

 

Three parameters are chosen to analyze the influence on both thermodynamic and economic performance: 

● SM. As the solar field takes up more than 50% of the costs, decreasing SM which reduces the 

requirement for heliostats and land can help to reduces CAPEX and OPEX. But it would also decrease 

the total electrical energy output, thus, LCoE is determined by dominant effects. The SM for this 

sensitivity study is set as 1.5/1.75/2 (designed).  

● Expansion ratio. Since the temperature of exhaust gas from gas turbine is quite low at fully-expanded 

condition, reducing expansion ratio could rise the exhaust gas temperature which may increase the 

overall efficiency as temperature difference becomes larger, the heat transfer efficiency in HRSG may 

increase. It is also a method to change the power ratio, since the power output from Brayton cycle will 

decrease while the power output from Rankine cycle will increase.  As time without DNI during the 

day is quite long, higher power designed for Rankine cycle may compromise the drop of Brayton 

power. The expansion ratio set for this sensitivity study is 7.5/10/12/15 (designed), corresponding to 

power ratio at 2.5/5/7.5/10. It is difficult to keep overall power output as constant, thus with 

decreasing expansion ratio, the designed total power output decreases. The designed power output is 

33.81 MW (24.15+9.66) for expansion ratio 7.5, 42.59 MW (35.47+7.12) for 10, 47.83 MW 

(42.20+5.63) for 12, and 55MW (50+5) for 15 (designed).  

● TES size. The designed TES size for base case is 10h, but as the SOC line shown before, the tank 

can’t be filled up during the operation, which means tank is too big for the situation. Thus, the tank 



 

for this situation can be smaller than designed one, especially when SM decreases. However, for smaller 

expansion ratio, more electricity is expected to be produced in Rankine cycle, TES is expected to be 

larger to support running Rankine cycle for a longer time. Thus, the TES size set for this sensitivity 

study is 8/10 (designed)/12/15.  

 

The results of the sensitivity study are plotted as LCoE/UFn against CAPEX. All the cases including base 

case, in total 48 cases will be presented in the same figures.  

 

5.3.1 LCoE against CAPEX 

Figure 31 presents the plotting of LCoE against CAPEX. The cases in Same color has the same SM and 

expansion ratio but different TES size- increasing size from left to right, while with same type of color, 

with decreasing darkness- from dark to light color, the expansion ratio increases. For cases with same 

darkness but different colors, from left to right (blue to green), SM increases.  

 

Under condition of same SM and expansion ratio, among all cases, with increasing TES size, there is only 

one trend for CAPEX-increase, for larger amount of materials are used to build the tank. Due to small 

percentage that TES is taking up of total CAPEX, this increase is relatively small. However, there are 3 

trends for LCoE.  

● The first one is decreasing. With increasing TES size and increasing CAPEX, the LCoE decreases. In 

the figure, it is easy to find out that this trend happens in lager SM (1.75 and 2) and smaller expansion 

ratio (7.5, 10 and 12). For larger SM, more solar energy is collected, corresponding to larger air mass 

flow rate in Brayton cycle. In order to keep power output in Rankine cycle constant, more energy can 

be stored in the TES. For smaller expansion ratio,  with higher gas turbine outlet temperature and 

more efficient heat transfer in HRSG, DNI required for operating the whole system decrease, so time 

for charging is longer which enables to store more energy. Therefore, all size of TES system may get 

to fully charged. Then smaller size of TES operates shorter than the larger one producing less 

electricity when DNI is zero. Though CAPEX is rising  a little bit,  increase of electricity production 

during the year exceed increase of CAPEX, the LCoE decreases.  

● The second trend is decreasing first and then increasing. The LCoE decreases from TES size of 8h to 

12h, while from 12h to 15h, the LCoE increases under condition of  lower SM (SM=1.5) and smaller 

expansion ratio (7.5, 10 and 12). For smaller  expansion ratio at lower SM, the energy from sun is 

smaller than that at higher SM, thus the larger TES system can’t be filled up which means even with 

larger tank, electricity production can’t increase or even decrease due to more losses. Considering more 

costs for  larger tank, LCoE will increase. But the solar energy is enough to fill 8-12h tank, increase in 

electricity production counteracts increase in CAPEX, so at that point LCoE decreases. And it also 

occurs when SM=2 and expansion ratio is 15- from 8h to 10h, the LCoE decrease while from 10h to 

15h, LCoE increases. From results of base case, even 10h tank can’t be filled up, while the energy is 

enough for 8h tank with some wasted. However, 10h tank is able to store that wasted energy and 

produce more electricity which is already compromise the increase in costs. Thus, from 8 to 10, LCoE 

decrease. But as for 10 to 15, as tank is unable to fill up, higher costs can’t help with higher production, 

LCoE increase.  

● The third trend is increasing. With increasing TES size, the LCoE increase. It happens when expansion 

ratio is 15 and SM is smaller (1.5 and 1.75).  As solar energy collected is more used to maintain the 

designed operation, the TES is hard to fill up even for 8h tank. Plant with different size of TES produce 

similar amount of electricity. Thus, with increasing tank size, corresponding to higher costs and more 

losses, LCoE increases. 

 



 

 
Figure 31. LCoE v.s CAPEX for all cases 

 

Under condition of same SM and TES size, with increasing expansion ratio, LCoE decreases while CAPEX 

increases. It has been already mentioned that larger expansion ratio and larger designed power lead to higher 

CAPEX.  Since designed power for smaller expansion ratio is smaller than that for larger expansion ratio, 

though more power from Rankine cycle, it can’t counteract the decrease from Brayton cycle.  The drop is 

too big to be compromised by CAPEX drop. 

 

Under condition of same TES size and expansion ratio, with increasing SM, LCoE decreases while CAPEX 

increases. Though Solar field takes up over 25% of total CAPEX, larger SM enables to produces much 

more electricity (both Brayton and Rankine cycle) than smaller SM which could offset increase of CAPEX. 

Especially for the cases with larger expansion ratios,  the LCoE difference among different SM is larger, 

since TES is capable to be fully-used during the operation.  For smaller expansion ratio (7.5 and 10), SM 

increase from 1.5 to 1.75, LCoE decrease more than that from 1.75 to 2. Because tank can be sometimes 

fully-charged when SM=1.75, when SM increases to 2, rise in electricity production is smaller than that 

from 1.5 to 1.75.  Drop in LCoE becomes smaller. 

 

5.3.2 UFn against CAPEX 

Figure 32 presents the plotting of UFn against CAPEX. The cases in Same color has the same SM and 

expansion ratio but different TES size- increasing size from left to right, while with same type of color, 

with decreasing darkness- from dark to light color, the expansion ratio increases. For cases with same 

darkness but different colors, from left to right (blue to green), SM increases.  

 

 
Figure 32. UFn v.s CAPEX for all cases 

 



 

When two parameters remain same, CAPEX will increase with the increase of the third parameter. For 

larger expansion ratio, costs on Brayton and Rankine cycle will be higher due to higher requirement for 

HRSG and turbine. For larger SM, more heliostats and land means more costs. Larger TES stands for more 

materials required for building, corresponding to more costs for equipment and construction. 

 

Under condition of same SM and expansion ratio, with increasing TES size. For some cases, electricity 

production becomes higher with increasing TES size, which means with same solar energy input, more 

energy is converted into electricity, UFn is higher. Though for some cases, electrical energy production may 

be similar, due to the calculation of UFn (Enet/(P_GT*(24-t_TES)*365+P_ST*24*365)),  larger TES will 

have smaller denominator, UFn would be larger.   

 

Under condition of same SM and TES size, with increasing expansion ratio, there are two trends for UFn. 

● The one is decreasing. With increasing expansion ratio and increasing CAPEX, the UFn decreases. 

Lower heat transfer efficiency for larger expansion ratio, since HRSG gas outlet temperature is 

higher. More energy wasted there. Thus, smaller expansion ratio has higher UFn. 

● The other one is first increasing and then decreasing. It all occurs when TES size is 15h. For SM 

=1.5 or 2, UFn increases from expansion ratio rising from 7.5 to 12, then from 12 to 15 UFn 

decreases; while for SM=1.75, UFn increases from expansion ratio rising from 7.5 to 10, then from 

10 to 15 UFn decreases. At expansion ratio 7.5 or 15, total net  electricity does not increase much, 

as the tank is easy or difficult to filled up. But for expansion ratio at 10 or 12, electricity production 

increases dramatically. Instead of wasting energy, more energy is utilized and converted to 

electricity at expansion ratio 12 or 10. Thus, when TES size is 15, they get higher UFn. 

 

Under condition of same TES size and expansion ratio, with increasing SM UFn rises up. With same 

designed power, larger SM collected more solar energy and electricity output from Brayton cycle rises up. 

For Larger TES cases, energy could be collected as much as possible, more electricity produced through 

Rankine cycle, while for smaller TES cases, Rankine cycle remained same with increasing SM since tank is 

fully-charged, though UFn goes up due to increase in Brayton cycle, the rise is smaller than larger tank.  

 

5.3.3 Summary 

When looking at all the cases, it is found that same LCoE can be implemented by different CAPEX, lower 

CAPEX could also reach lower LCoE.  Similarly,  same UFn could be reached by much lower CAPEX. 

Improvements can be made by setting appropriate parameters. 

On the other hand, in many cases, the solar energy collected are still wasted due to full tank or lower heat 

transfer efficiency. More improvement should be done to deal with it.   



 

6 Improved Schemes 
In the last chapter, it is found that the plant is not that economically competitive and still certain amount 

of energy wasted during the operation. This chapter will present two improved schemes for the plant to try 

to deal with the problem. The sensitivity studies are also included. This would be presented in terms of: 

●   Description of two improved scheme 1 

●   Techno-economic performance of improved scheme 1 

●   Sensitivity study and comparison for improved scheme 1 

●   Description of two improved scheme 2 

●   Techno-economic performance of improved scheme 2 

●   Sensitivity study and comparison for improved scheme 2 

  

6.1 Improved scheme 1 

Considering the sensitivity studies for base case, certain amount of solar energy collected from solar field 

is wasted. If this part of energy is utilized to produce more electricity, LCoE is supposed to be go down 

and UFn should be higher at same CAPEX. As the wasted gas is at high temperature, it can be used to 

preheat the receiver inlet air, which results in larger air mass flow and higher power output in the Brayton 

cycle. Thus, a recuperator is introduced in the system, the structural scheme is presented in figure 33. Part 

of gas turbine exhaust gas will be introduced to the recuperator to preheat the receiver inlet air. 

 
Figure 33. flow chart of improved scheme 1. 

  

The exhaust gas will first ensure the demands of Rankine cycle to guarantee constant power output in 

Rankine cycle, then 20% of the rest gas is designed to used for preheating and the rest 80% will be sent to 

TES system. Since smaller expansion ratio has more energy wasted, the improved schemes will be tried on 

all expansion ratios, another two parameters- SM and TES size, will keep same as base case (SM=2 and 

TES size=10h). But it also should be noted that at expansion ratio 15, the gas turbine outlet temperature is 

supposed to be lower than compressor outlet temperature, so it is theoretically important to introduce a 

recuperator for such cases. The improved schemes are aiming at cases whose expansion ratio is 7.5, 10 and 

12. 

  

The results for the improved scheme 1 and its comparison with the one without recuperator is summarized 

in table 6. The CAPEX of  improved scheme 1 is slightly higher than the original one, due to introduction 

of recuperator, but its costs only take up a smaller proportion. 

  



 

Table 6. Result of improved scheme 1 and comparison 

Parameters Expansion ratio Improved 1 Original Unit 

 

 

Enet 

7.5 109.263 109.442  

[GWh] 

10 124.542 124.535 

12 133.557 134.032 

 

 

LCoE 

7.5 251.28 249.66  

 

[$/MWh] 
10 225.23 223.89 

12 212.03 210.59 

 

 

UFn 

7.5 0.5253 0.5262  

[-] 

10 0.5117 0.5114 

12 0.5041 0.5059 

  

According to the table, only one case is improved in total net electricity production and efficiency factor 

(marked as red), but no case is improved regarding LcoE. For cases whose expansion ratio is at 7.5 or 12, 

all indicators are not improved, output electricity reduces 0.2-0.4 GWh and LCoE increase about 1.5 

$/MWh.. For theses two cases, though electricity output from Brayton cycle goes up due to higher power, 

total electricity production from Rankine cycle decreases, since tank can’t be fully charged during the 

operation decreasing discharging time. The drop in Rankine cycle is more than the rise in Brayton cycle. 

For the case whose expansion ratio is at 10, the total electrical energy production is improved, leading to 

increasing UFn as well, but higher electricity production does not correspond to lower LCoE. The increase 

is too small (0.007 GWh) to compromise the cost increase for recuperator, thus LCoE is still higher- 

increase 1.3 $/MWh which is smaller than increase in other two cases. 

  

6.2 Sensitivity Study for Improved scheme 1 

In the sensitivity study, different division proportion is tested to check if this percentage would influence 

the result. 15% and 25% of the rest exhaust gas injection after separating gas to Rankine cycle are tested at 

different expansion ratio. The total net electricity and LCoE of all cases and their comparison to the cases 

without recuperator is shown in figure 34. and figure 35, respectively. 



 

 
Figure 34. Comparison of total net electricity of original and improved cases 

  

With increasing division ratio for recuperator, total net electricity produced decreases for all cases. Though 

higher power output from Brayton cycle has achieved, electricity produced from Rankine cycle decreases 

with increasing division ratio. Since operating time for Brayton cycle is quite short,  rise in Brayton cycle 

can’t counteract the decrease in Rankine cycle. It is more obvious for expansion ratio at 12: as the 

temperature difference between hot and cold side of recuperator is relatively small leading to lower 

efficiency of heat transfer and small increase in receiver inlet air temperature, power increase in Brayton 

cycle is limited, therefore limited increase for electricity production. At expansion ratio 7.5 or 10, at smaller 

division ratio, electricity production improvement is achieved, but it is very limited, so close to the case 

without recuperator.  

 

 
Figure 35. Comparison of LCoE of original and improved cases 

 

As for LCoE, only one case is improved and  LCoE only decreases 0.02 $/MWh. Since introducing a 

recuperator will increase the complexity of control system, it may not deserve for such decrease. For other 

two cases, as mentioned before, the rise in costs for recuperator overwhelms the rise in electricity 

production, so there is no improvement in LCoE. 

 

6.3 Improved scheme 2: 

Regarding improved scheme 1, one of the reasons for scheme 1 only has limited improvement is that as 

outlet temperature of compressor is more than 390 degrees C, the temperature of hot-side outlet gas of 

recuperator is theoretically higher than compressor outlet temperature. This part of energy which may 

originally used in Rankine cycle is wasted, leading to limited improvement or even retreat. Thus, in scheme 



 

2, this part of energy is also utilized. Beside introducing an recuperator before the solar receiver, the outlet 

gas of recuperator will be injected into evaporator to help produce more steam and therefore increase power 

output in Rankine cycle. The simpale structural scheme is presented in figure 36. 

 
Figure 36. Flow diagram for improved scheme 2 

 

Similar with scheme 1, cases chosen are all under condition of SM=2 and TES=10h. The expansion ratio 

for the cases varies at 7.5, 10 and 12. The exhaust gas of gas turbine will first ensure the demands of Rankine 

cycle to guarantee constant power output in Rankine cycle, then 20% of the rest gas is designed to used for 

preheating and the rest 80% will be sent to TES system. All exhaust gas from recuperator goes into 

evaporator, mixing with outlet gas of superheater. The result of improved scheme 2 and its comparison 

with original one is summarized in table 7. 

 

Table 7. Result of improved scheme 2 and comparison 

Parameters Expansion ratio Improved 2 Original Unit 

 

Enet 

7.5 113.076 109.442  

[GWh] 

10 128.149 124.535 

12 137.081 134.032 

 

LCoE 

7.5 241.95 249.66  

[$/MWh] 

10 218.13 223.89 

12 206.14 210.59 

 

UFn 

7.5 0.5436 0.5262  

[-] 

10 0.5260 0.5114 



 

12 0.5174 0.5059 

  

According to the table, all cases achieve improvements at all indicators. Total electrical energy production 

increase about 3-4 GWh, and LCoE decrease about 4-7 $/MWh. In scheme 2, power output from both 

Brayton and Rankine cycles goes up: for Brayton cycle, higher receiver inlet temperature results in larger air 

mass flow rate which further influence the power output; for Rankine cycle, increasing hot-side gas mass 

flow results in larger steam mass flow which then influence the power output. Though TES discharging 

period is shorter than the cases without improvements, production increase during other operation modes 

enables to cover this decreases. Further, Rankine cycle power increase is within 10% of that for designed 

conditions, thus under operation of scheme 2, stability of steam turbine is guaranteed.  

 

6.4 Sensitivity Study for Improved scheme 2 

In the sensitivity study, similar to scheme 1, division proportion- 15% and 25% are tested for cases at 

different expansion ratio. The total net electricity, UF and LCoE of all cases and their comparison to the 

cases with scheme 1 and without recuperator is shown in figure 37, figure 38 and figure 39, respectively. 

 

 
Figure 37. Comparison of total net electricity production of original cases, improved scheme 1 and 

improved scheme 2 

 

 
Figure 38. Comparison of UFn of original cases, improved scheme 1 and improved scheme 2 

 

 



 

Considering the calculation method of UFn, under same conditions of TES size, SM and expansion ratio 

(corresponding to designed power), UFn is only sensitive to total net electricity production. So for this 

sensitivity study, net electricity production and UFn have same trends.  

 

According to the figures above, difference of net electricity output among cases with different division ratio 

does not big difference, the numbers are close. Since the outlet temperature of TES and economizer are 

both relatively low, the energy collected from solar field is either used in Brayton cycle or utilized in Rankine 

cycle. For smaller division percentage, power output increase in Brayton cycle and Rankine cycle is smaller 

but since more energy is charged to TES system, discharging time is longer which could produce more 

electricity as well. For larger division proportion, more power rise of both Brayton and Rankine cycle is 

achieved, while discharging time will be shorter. From the data, total net electricity produced from Brayton 

cycle increases while for Rankine cycle it is opposite. Within Rankine cycle,  due to changing effect of TES 

domains, as designed operation time is short. Overall, with increasing separating percentage, electricity 

output increases which is opposite with scheme 1, because total effects of power output change domains, 

stronger than effects of discharging. Improvement in smaller expansion ratio is more significant than that 

in larger expansion ratio.  The first reason is that cases with smaller expansion ratio have higher gas turbine 

outlet temperature, which leads to higher receiver inlet temperature and therefore larger air mass flow and 

larger power output. The second reason is that with same TES size at 10h, cases with smaller expansion 

ratio are easily reach fully-charged state. So when a part of gas is separated, TES is charged slowly and more 

energy is utilized during the operation. 

 

 
Figure 39.  Comparison of LCoE of original cases, improved scheme 1 and improved scheme 2 

 

 

Regarding LCoE, similar with net electricity output and UFn, unlike scheme 2, the improvements are 

obvious but the difference among different ratio become smaller. With increasing division percentage, 

though cost goes up, LCoE decreases, since increase in total net electricity is much more significant than 

increase in total costs.  

 

Comparison of improved case with lowest LCoE, base case and conventional CCGT are presented in figure 

40 and 41. From the figures, though improved model achieves highest UFn and lowest CAPEX among 

three models, LCoE remain highest. LCoE of improved model drops compared to base models with same 

conditions at lower expansion ratio, but it is higher than fully-expanded cases. The improved scheme could 

make some difference, but more improvements should be implemented for the cases. According to the 

numbers, conventional CCGT seems to be a best option, as it has lowest CAPEX and LCoE. But it also 

should be noticed that CCGT relies on natural gas to operate, it has higher risks that it may suffer from 



 

price turbulence with much higher operational costs. In addition, with requirement for sustainability, the 

costs for greenhouse gas emission will also increase sharply.  At that time, the LCoE of conventional CCGT 

will be increase dramatically.  

 

 
Figure 40. Comparison of LCoE and UFn of conventional CCGT, base case and improved scheme 

 

 
Figure 41. Comparison of CAPEX and total net electricity production of conventional CCGT, base case 

and improved scheme 

 

 

  



 

7 Conclusion 
7.1 summary of the study 

In this study,  the performance of a 55MWe purely solar driven combined-cycle system with packed bed 

TES technology, located in Sevilla, Spain has been simulated and analyzed from both thermodynamic and 

economic perspectives. A sensitivity study varying expansion ratio (corresponding to designed power ratio), 

solar multiple and thermal storage tank size is proposed to analyze the influence of these parameters on 

critical performance indicator- LCoE, UFn and CAPEX. Based on the result, two improved schemes are 

implemented as well as related sensitivity study. Result of conventional CCGT, base case and improved 

schemes are compared.  

 

There are several findings from the results gotten from annual simulation of different conditions: 

● First, same LCoE and UF could be achieved with lower CAPEX by setting appropriate parameters. 

With different combination of parameters, same goal can be achieved by different strategies. 

Sometimes, the goals may conflict with each other, the most important one should be identified to 

help figure out the optimal solutions. 

● Second, improved CSP plant schemes, to some extent, achieve drop in the LCoE due to the increasing 

power output, and simultaneously increases in the efficiency of the system. Thus, it is validated that 

suitable strategies could not only help CSP plants to be more economically competitive, but also 

increase technical performance. 

● Third, compared to conventional CCGT, tower based CSP in this case remain cost intensive- higher 

LCoE and CAPEX, though some improvement has been made. More efforts should be tried to further 

decrease the LCoE. On the other hand, CCGT relies on fuel (natural gas) price, which means higher 

risks and operational expenditure in the future. 

 

7.2 Future work 

Regarding the results and findings of the study, more improvements is required for the case. Since the main 

purpose of the study is to increase economic competitiveness of CSP plants, the improvements are 

supposed to aim at decreasing LCoE. There are several ways can be done to achieve lower LCoE: 

● Solar field occupies large percentage of CAPEX, more equipment modification should be made to 

decrease costs for the equipment and maintenance.  

● As TES has relatively low costs and the day without DNI is quite long, increasing the plant scale with 

larger solar filed and TES size may help, especially for cases with smaller expansion ratio. 

● Instead of trying several values of each parameters, more should be tested to check if there are any 

optimal solutions.  

● Base case with expansion ratio at 15 has lowest LCoE among all sensitivity cases, but improved 

schemes in this study are not available for such cases, if some improvement methods can be applied 

to these cases, LCoE will decrease. Considering the outlet temperature of exhaust gas is relatively low, 

co-generation may be an option. 
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