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Concentrated solar power (CSP) is a renewable energy technology, which could 

contribute to overcoming global problems related to pollution emissions and 

increasing energy demand. CSP utilizes solar irradiation, which is a variable source 

of energy. In order to utilize CSP technology in energy production and reliably 

operate a solar field including thermal energy storage system, dynamic simulation 

tools are needed in order to study the dynamics of the solar field, to optimize 

production and develop control systems. 

 

The object of this Master’s Thesis is to compare different concentrated solar power 

technologies and configure a dynamic solar field model of one selected CSP field 

design in the dynamic simulation program Apros, owned by VTT and Fortum. The 

configured model is based on German Novatec Solar’s linear Fresnel reflector 

design. Solar collector components including dimensions and performance 

calculation were developed, as well as a simple solar field control system. The 

preliminary simulation results of two simulation cases under clear sky conditions 

were good; the desired and stable superheated steam conditions were maintained in 

both cases, while, as expected, the amount of steam produced was reduced in the 

case having lower irradiation conditions. 

 

As a result of the model development process, it can be concluded, that the 

configured model is working successfully and that Apros is a very capable and 

flexible tool for configuring new solar field models and control systems and 

simulating solar field dynamic behaviour.   
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Keskittävä aurinkovoima (CSP) on uusiutuvan energian teknologia, joka voi 

osallistua globaalien ilmansaasteisiin ja energian tarpeen kasvamiseen liittyvien 

ongelmien ratkaisemiseen. CSP-tekniikka hyödyntää vaihtelevaa auringonsäteilyä 

energialähteenään. Jotta CSP-tekniikkaa voitaisiin hyödyntää energian tuotannossa ja 

aurinkokenttäsysteemejä ja termisiä energiavarastoja operoida luotettavasti, tarvitaan 

dynaamisia simulointityökaluja aurinkokentän dynaamisen käyttäytymisen 

tutkimiseen, tuotannon optimointiin ja säätösysteemien kehitykseen.  

 

Diplomityön tavoitteena on vertailla erilaisia CSP-tekniikoita ja luoda dynaaminen 

aurinkokenttämalli yhdestä valitusta tekniikasta VTT:n ja Fortumin omistamalla 

dynaamisella simulointiohjelmalla, Aproksella. Malli perustuu saksalaisen Novatec 

Solarin Fresnel-teknologiaan. Työssä luotiin aurinkokentän kollektorikomponentit, 

joihin sisältyy kollektorien dimensiot ja suorituskyvyn määritys, sekä yksinkertainen 

säätöpiiri kentälle. Mallia testattiin kahdessa eri tapauksessa pilvettömällä säällä. 

Alustavat simulointitulokset näyttivät, että molemmissa tapauksissa voitiin tuottaa 

tulistettua höyryä vakaissa olosuhteissa, kun taas höyryn määrä odotetusti laski 

toisessa tapauksessa, kun säteilytaso oli alhaisempi.       

 

Johtopäätöksenä voidaan todeta, että luotu malli on täysin toimiva, ja että Apros on 

käyttökelpoinen työkalu aurinkokenttämallien rakentamiseen ja dynaamiseen 

simulointiin.   
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1 INTRODUCTION 

This Master’s Thesis “Comparison of Different Concentrated Solar Power Collector 

Designs and Development of a Linear Fresnel Solar Collector Model” is part of the 

Master’s degree studies of LUT Energy Department in Lappeenranta University of 

Technology, and produced for VTT Technical Research Centre of Finland during the 

summer and autumn of 2014. Concentrated solar power is a recent market area for 

VTT, and this Master’s Thesis is part of the openings in this field. 

 

1.1 Background 

Today coal- and gas-fired power plants are the dominant base-load generating 

facilities in the world. However, fossil fuel prices, concerns about security of energy 

supply leading to increased risk of conflicts and the problems with pollution and 

greenhouse gas emissions are increasing. At least 90% of carbon dioxide emissions 

results from fossil fuel burning for power generation and the transport sector. The 

situation sets the conventional power industry under great pressure to achieve new 

renewable energy targets and carbon emission reduction targets. (Behar et al. 2013, 

13; Jamel et al. 2013, 71; Månsson 2014, 108; Yan et al. 2010, 3733) As also energy 

consumption is continuously increasing, there is a great need for clean renewable 

energy sources in order to meet demand. The sun is the largest available clean energy 

source. It provides the Earth with more than its annual energy consumption in only 

one hour. However, currently only a fraction of a percent of total power consumption 

is supplied from sun. (Barlev et al. 2011, 2703) Concentrated solar power (CSP) 

technology dealt with in this Master’s Thesis offers one renewable energy option to 

meet global problems related to energy demand and climate change, which is shown 

in Figure 1 (Behar et al. 2013, 13).   
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Figure 1. CSP technology offers a possibility to contribute to meeting problems related to 

increasing energy demand and climate change (Behar et al. 2013, 14). 

 

Nowadays, a great deal of research is focused on harvesting solar energy for power 

generation. Systems converting solar energy into electricity can be divided in two 

main categories: photovoltaics (PV) and concentrated solar power. The former 

system generates electricity directly via the photoelectric effect, while the latter uses 

mirrors to concentrate the sun’s rays and converts solar energy into thermal energy 

before producing electricity, or the energy can be used as thermal energy as well. 

(Barlev et al. 2011, 2703; IEA-ETSAP & IRENA 2013, 5) Solar irradiation consists 

of direct and indirect components, and unlike PV, CSP can utilize only the direct 

component. The amount of direct normal irradiance sets constraints for the areas 

where CSP plants can be built. (IEA-ETSAP & IRENA 2013, 5) PV installations 

outpace CSP installations with a large margin, and also the costs of PV installations 

have decreased more than those of CSP. In the IEA’s Concentrating Solar Power 

Technology Roadmap 2010, CSP deployment until 2050 was evaluated, but these 

capacity goals had to be updated in 2014, as the capacity development was slower 

than expected. The updated capacity estimations can be found in the IEA’s Solar 

Thermal Electricity Roadmap. CSP power plant can be integrated with thermal 

energy storage, which enables to dispatch electricity generation, creating flexibility 

for operations and also increasing the capacity factor. This ability of dispatching 
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power generation is shown in Figure 2. Fossil fuel back-up is generally utilized in 

CSP plant. (IEA 2014, 5, 14; IEA-ETSAP & IRENA 2013, 5) PV with battery 

storage, possible supplemented by back-up system and gas turbine, is though able to 

dispatch generation as well, and the consideration between these two systems must 

be done based on current costs and future cost estimations. New CSP components 

and systems are coming to commercial maturity and there are emerging new markets 

for the technology (IEA 2014, 5). 

 

 

Figure 2. The ability of CSP system to dispatch its power generation with thermal energy 

storage. Direct normal irradiance, thermal energy flows between solar field, thermal energy 

storage and power block, and electricity generation of a 250 MW CSP plant are shown. (IEA 

2014, 14) 

 

Often the primary goal of installing CSP capacity is to offset fossil fuel generation. 

When evaluating the profitability of the plant installation and comparing possible 

technologies, important issues are levelized cost of electricity (LCOE), distribution 

of yearly production and dispatchability of the production. (Wagner 2012, 6) As CSP 

costs have remained higher than expected, a profitable way to reduce those is 

hybridization with conventional power plants, which would also increase the project 

implementation experience and lead to increased CSP deployment over time 

(Peterseim et al. 2013, 521). The implementation of solar-hybrid systems is a key 

factor to a breakthrough in the financial costs of concentrated solar power 

technologies to the deployment of them as it reduces the investment costs (Romero-
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Alvarez & Zarza, 75). In addition to cost benefits of hybridization it also enables 

wider areas to be utilized for CSP generations, as the required direct normal 

irradiance is lower than in stand-alone CSP plants (Peterseim et al. 2013, 521). 

 

The first commercial CSP plants, SEGS plants, were built in California in the USA 

in the 1980s, and they are still in operation. The applied parabolic trough technology 

using oil as a heat transfer fluid is still kept as a reference CSP technology. 

(IEA 2014, 12; Rinaldi et al. 2014, 1492) Today CSP technologies can be divided 

into four groups, parabolic trough, linear Fresnel reflector and solar tower being the 

predominant technologies and parabolic dish being less utilized on a large-scale 

(IEA 2014, 11). Concentrated solar power system consists of several sub-processes, 

which can each be implemented in a number of ways. These processes have been 

investigated extensively, especially in the last decade aiming to improve solar-to-

electricity efficiency and competitiveness with fossil fuel power generation. 

(Barlev et al. 2011, 2704)  

 

The main challenge to deal with as regards concentrated solar power, and solar 

power in general, is the irradiation variability over the day. However, concentrated 

solar power is able to cope with that problem since it converts solar energy into heat 

before utilizing that for electricity production. The thermal storage integration option 

offers dispatchability, which is an important feature from the economic point of 

view, and thermal inertia of the solar power plant allows stable operations during 

short term variations of the resource. (Rodat et al. 2014, 1501-1502)  

 

1.2 Research objectives, questions and delimitations 

Pressures to reduce pollution levels and respond to increasing energy demand, as 

well as to produce dispatchable electricity, have increased the need for new 

renewable energy technologies and wider utilization of them. Concentrated solar 

power has been seen as one option to help overcome problems mentioned above. The 

deployment of CSP technology has not been as rapid as was initially expected, as for 

example the costs of CSP are higher than those of PV. There are several different 
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CSP technologies in existence, the maturity of these ranging from mature and widely 

utilized technologies to emerging technologies.  

 

As solar irradiation is a variable source of energy, solar power plants face transient 

effects, which are not experienced in traditional conventional power plants. Transient 

effects can be handled with the thermal inertia of the field in the short term and with 

thermal energy storage in the longer term. (Rodat et al. 2014, 1501) Also, the 

economics of CSP can be improved by storage integration. In the case of the CSP-

hybrid plant, the solar field can be connected to different conventional power plants 

at different connection points, and a comparison is needed in order to find best 

connection options. Transient features of irradiation and varying operations of the 

solar field create a need to simulate the dynamic behaviour of the solar field. 

Dynamic simulation tools are needed in order to improve solar field controls, 

optimize production and manage storage capacities (Rodat et al. 2014, 1510). In 

general, dynamic simulation tools and solar field model development are essential 

for the CSP industry, as regards engineering and research needs in order to enable 

and support solar field investigations and development and to boost CSP 

deployment.  

 

One potential dynamic simulation tool to be utilized in solar field research is Apros 

(Apros a), owned by VTT and Fortum. Apros Combustion is initially developed for 

dynamic simulations of combustion processes. Lately, is has also been considered to 

be a valuable tool to simulate concentrated solar power production, as it has many 

useful features that are needed to simulate complex dynamic processes affected by 

the inherent transient nature of solar irradiation, combined by the existing process 

components in Apros used for conventional power plant simulation and VTT’s 

know-how about combustion processes.  

 

The main objective of this Master’s Thesis is to gain essential know-how about 

concentrated solar power technologies and develop a new solar field model in Apros 

while evaluating its further potential for detailed solar field dynamic simulation and 

its valuable features and future needs from the solar field modelling point of view. 

The German company Novatec Solar’s solar field design based on linear Fresnel 
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technology was selected to be modelled in Apros. All the objectives of this Master’s 

Thesis are summarized below, the main objectives being in bold:  

 

 Gain general know-how about concentrated solar power (CSP) and its market 

situation 

 Review and compare different CSP technologies and select one 

technology and a specific design to be further investigated and modelled 

in Apros 

 Briefly investigate possible CSP-hybrid solutions 

 Gain knowledge of CSP system performance calculation and modelling in 

general 

 Configure solar field components and a solar field model in Apros 

 Configure a preliminary control system for the solar field in Apros 

 Carry out solar field simulations in Apros in order to test the configured 

model and obtain preliminary results 

 Find future solar field model development needs to improve model 

 Evaluate the capability of Apros for solar field component development and 

solar field dynamic simulation 

 Learn to proficiently use Apros dynamic simulation software   

 

Solar collectors can be divided into non-concentrating and concentrating collectors. 

Non-concentrating collectors are fall outside the scope of this thesis, and only 

concentrating collectors are investigated, as they are utilized in CSP technology. By 

using a reflector and a sun-tracking system, the sun’s rays are concentrated onto a 

smaller absorber area, and the irradiation flux is increased compared to the 

concentrating area. A non-concentrating collector utilizes only the absorbing area for 

solar heat collection. (Kalogirou 2004, 240) Apart from concentrated solar power 

systems, there are also other kinds of power conversion systems to convert solar 

energy into electricity; for example photovoltaics and biological processes to 

produce solar fuels (Kalogirou 2004, 286). Those are also beyond the scope of this 

thesis.  
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In Apros only the solar field is configured, as the power block is excluded from 

simulation. The effort was directed in the solar field, because there is already know-

how about traditional turbine and condenser modelling at VTT. As the VTT 

Combustion team is focused on combustion processes, CSP-hybrid plants are 

especially of great interest, when a separate power block for solar field is not even 

needed. The goal was to configure the solar field, which would easily be connected 

to another Rankine cycle or alternatively used alone. The main goal in the Apros 

solar field model configuration process was to configure the solar field collectors 

themselves including collector dimensions and performance calculations to get as 

close to real selected design as possible, and to configure the solar field layout in 

enough detail to carry out reasonable simulations. Also, the control system was 

configured in order to test whether the field works reasonably or not, and to obtain 

some preliminary results to compare to those in the literature. Solar field layout 

optimization is fall outside the scope of this thesis; instead, the layout is selected 

among the possible layouts the design developer presents.   

 

The emphasis in the thesis is in linear Fresnel reflector technology, as it was selected 

to be modelled in Apros. The other three CSP technologies are introduced only 

briefly. Certain linear Fresnel reflector design was selected for future examination 

and model development in Apros, because enough available information about the 

design was found. The selected Fresnel design has already been successfully 

demonstrated and used on a commercial scale as well. Applied design is based on 

direct steam generation, in which water/steam is used as a heat transfer fluid, so other 

heat transfer fluids are discussed less within this thesis. Parabolic trough technology 

was not even an option to be modelled, as there is already a preliminary parabolic 

trough solar field model in Apros done by VTT. A parabolic dish was not considered 

to be a reasonable technology to be modelled, because it is not widely used in large -

scale systems, which is mainly of interest in the developed Apros model. There are a 

number of different solar tower designs applied and under development, so it would 

have been challenging to choose one promising and widely in the future used design 

to be further studied.  
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Model validation is an important part of the model development process, but because 

of a lack of data the validation of total dynamic model is fall outside the scope of this 

thesis at this part of the model development work. Validation of developed new 

process components based on corresponding analytical calculations is presented 

instead.    

 

1.3 Research methodology 

The theoretical part of the research is based on literature related to concentrated solar 

power and dynamic modelling, mainly on scientific articles, information from 

companies working in the field of CSP and also on concentrated solar power 

databases. The practical part of the research consists of dynamic model configuration 

for a solar field and preliminary simulations with a configured model. The model is 

configured based on the data gathered in the theoretical part of the research and 

carried out in the Apros dynamic simulation software. In the practical part, the deep 

know-how about the program itself and about dynamic modelling in general existing 

at VTT was utilized.  

 

The research was carried out from June 2014 to December 2014. Related to the 

research subject, the SolarPACES (Concentrating Solar Power and Chemical Energy 

Systems) 2014 annual conference was attended in September 16
th

-19
th

 in Beijing, 

China. The purpose of the visit was to strengthen CSP-related know-how, ascertain 

the current situation in CSP technology development and create networks. From 

October 27
th

-30
th

 the German Aerospace Center’s (DLR, Deutsches Zentrum für 

Luft- und Raumfahrt) office in Stuttgart in Germany was visited in order to become 

familiarized with their research activities and discuss possibilities for future 

collaboration.   
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1.4 Structure of the thesis 

This Master’s Thesis can be divided into theoretical and practical parts. The 

theoretical part covers Chapters 2 and 3, and the practical part Chapter 4, as Chapter 

5 is for the discussion and conclusions and Chapter 6 for the summary. 

 

The theoretical part of the thesis is divided into subchapters covering different topics 

related to CSP technologies and the modelling of solar fields. History, current state 

and future deployment estimations of concentrated solar power and overview of all 

four main CSP technologies are presented in the beginning of Chapter 2 and in 

Chapter 2.1. In Chapter 2.2, concentrated solar power and photovoltaics are 

compared, as they effect on each other’s development. Different concentrated solar 

power hybrid systems are briefly presented and their suitability for CSP 

hybridization is discussed in Chapter 2.3. In Chapter 3.1 more detailed data about 

collectors of different CSP technologies, and in Chapter 3.2 both general and 

technology and design specific principles about solar field performance calculation 

and modelling, are discussed, as that knowledge is essential in order to configure 

dynamic models.  

 

In the practical part of the thesis, Apros software and its functionality is briefly 

described, and in Chapter 3 presented data for Novatec Solar’s linear Fresnel design, 

as an example, collector dimensions, operation parameters and performance 

calculation, is collected together. Chapter 4.3 presents separately the development 

process of collector modules in Apros, already existing Apros components and 

features used in solar field layout and control system and finally the development 

process of entire solar field and control system in Apros. Chapter 4.4 presents very 

briefly how different daily solar field operations are implemented in the current 

Apros model, and how they should be improved in the future. Chapter 4.5 presents 

preliminary simulation results made with the configured model and discussions about 

the model validation process.          
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1.5 VTT Technical Research Centre of Finland 

This Master’s Thesis is commissioned by VTT Technical Research Centre of Finland 

under Tekes financed project “Combination of Concentrated Solar Power with 

Circulating Fluidized Bed Power Plants – COMBO-CFB”. VTT is the biggest multi-

technological applied research organization in Northern Europe. The research 

organization was established in 1942. At the end of the 2013, its personnel numbered 

2,900 and at the end of 2012 its turnover was 316 million €.  

 

The thesis is made in the VTT’s research area of Solutions for natural resources and 

environment, which main research activities are focused on industrial biotechnology, 

biofuels and bioenergy, process chemistry and environmental engineering, biomass 

and food processing, and fibres and biobased materials. In the area of energy 

research, the focus is on developing energy technologies and systems mitigating the 

effects of climate change, improving the energy efficiency in industry, transport and 

buildings, and developing new renewable and other CO2 neutral energy production 

technologies. The role of VTT in energy sector is to support authorities in energy and 

climate policies by expertise, to develop system integration and optimization ways 

and new technologies and introduce them to markets with customers, and to develop 

new solutions based on multidisciplinary technologies.       
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2 CONCENTRATED SOLAR POWER TECHNOLOGY 

The basic principle of each concentrated solar power technology is to capture the 

sun’s rays to heat a selected heat transfer fluid (HTF) and convert that heat into 

electrical power. There is a variety of concentrated solar power technologies existing, 

reaching heat transfer fluid temperatures of 200-1,100 °C. The history of utility-scale 

concentrated solar power systems dates back to the nineteenth century. 

(Thorpe 2011, 185) The first commercial plants were installed in California in 1984. 

The interest in researching, developing and building CSP plants arose at the 

beginning of the 21
st
 century after a break of many years caused by a drop in oil and 

gas prices. (Behar et al. 2012, 14) Since 2004 global installed CSP capacity has 

increased almost 10-fold, while the increase in PV capacity has been 53-fold between 

the beginning of 2004 and the end of 2013 making it the fastest growing energy 

technology (REN21 2014, 51, 101). A fact worth mentioning related to the history of 

CSP development is one of the first published articles about CSP “A Solar Printing 

Press” presented in Nature on September 21
st
 1882. The article introduces a solar 

generator, shown in Figure 3, devised by M. Abel Pifre. A parabolic mirror (in the 

middle of the figure) was used to produce steam and further power in a small vertical 

motor (on the left) to actuate a Marinoni press (on the right), which was then able to 

print 500 copies an hour on average. (Pifre 1882, 503-504)  

 



23 

 

  

 

Figure 3. Illustration of a solar printing press introduced in one of the first CSP related 

articles in Nature in 1882 (Pifre 1882, 503-504). 

 

 The main forces boosting CSP growth are increasing global CO2 and other 

greenhouse gas emissions, increasing prices of fossil fuels and the need to reduce 

fossil fuel consumption focusing pressure on renewable technologies (Behar et al. 

2012, 13). CSP development is still at an early stage, and investment and electricity 

generation costs (LCOE) are high compared to conventional power plants and other 

renewable technologies. The costs are expected to fall in the future owing to 

technology learning, scaling-up of plants, economies of scale, and improvements in 

manufacturing and performance. (IEA-ETSAP & IRENA 2013, 1-2, 7)  

 

Concentrated solar power technology is a fast growing renewable energy technology, 

as it has features offering the potential to mitigate climate change. Unlike 

photovoltaics, CSP plants are flexible and enhance energy security due to the 

technology’s inherent capacity to store heat for later conversion into electricity. 

Storage integration gives the CSP plant the ability to dispatch generation to nights 

and cloudiness conditions. Besides the large stand-alone CSP plants, the technology 
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is also suitable for hybridization with conventional power plants and combined cycle 

power plants, and concentrating solar fuel (CSF) production, such as hydrogen, is a 

promising option in the future. (Behar et al. 2013, 13; IEA 2010, 7) 

 

Systems based on CSP technology utilize the sun’s direct normal irradiation (DNI). 

Typically 2,000 kWh of sunlight radiation per square metre annually is used as a 

limit value when evaluating suitability of a certain area for CSP production. The 

most suitable areas for CSP technology are the sun-belt areas, including southern 

Europe, northern Africa, the Middle East, parts of India, China, southern USA, 

northern Chile and Australia. The best sites receive DNI with a magnitude of over 

2,800 kWh/m
2
. The best potential for CSP in the world in terms of DNI is in the 

deserts of South Africa and Chile, where the annual DNI can almost reach the value 

of 3,000 kWh/m
2
. An optimally situated site with an area of one square kilometre can 

generate annually even 100-130 GWh of solar electricity, which is the same amount 

that can be produced in a conventional coal- or gas-fired mid-load power plant with 

capacity of 50 MW. (Thorpe 2011, 198-199) 

 

At the end of 2012, the total operational CSP capacity was 2.553 GW, as in 2011 the 

corresponding value was 1.3 GW. In 2013 there was additionally 2.477 GW of CSP 

capacity under construction and 10.135 GW announced. According to CSP World’s 

database, the current existing CSP capacity worldwide is 3.670 GW, which also takes 

into account hybrid plants. According to International Energy Agency’s Solar 

Thermal Electricity Technology Roadmap, the CSP deployment is about 4 GW at the 

time of publication (2014). Worldwide there is about 17 GW of CSP capacity under 

development. The current as well as planned capacity is mainly situated in Spain, the 

USA and China, though global shift to regions having high DNI in developing 

countries is accelerating. The highest CSP production is in Spain, with more than 40 

power plants. Current CSP capacity is quite moderate compared to a corresponding 

value for PV, 150 GW. CSP plants have gone through cost reduction, but that has 

been less than that of PV. (Behar et al. 2012, 15; Cau & Cocco 2014, 102; CSP 

World 2013; CSP World; International Energy Agency 2014, 5; REN21 2014, 51) 

Figure 4 shows the cumulative installed CSP capacity from 1984 until 2012, and 
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Figure 5 shows the capacity development more recently, from 2004 to 2014, as well 

as growth rates. Capacity values from different sources tend to differ slightly.  

 

 

Figure 4. Installed CSP capacity from 1984 to 2012 (CSP World). 

 

Figure 5. Installed CSP capacity from 2004 to 2014 (IEA 2014, 9). 
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The growth of CSP installations has been robust since 2009, though the initial level 

was low. Apart from Spain and the USA, the largest plants in the rest of the world 

can be found in the United Arab Emirates and India, others being in a construction 

phase in Morocco and South Africa. In Algeria, Australia, Egypt, Italy, Iran and 

Morocco smaller solar fields are situated, which are often integrated into 

conventional fossil fuel-fired power plants. Figure 6 shows the progress statistics in 

CSP between 2009 and 2013. 

 

 

Figure 6. Progress in CSP deployment between 2009 and 2013 (IEA 2014, 9). 

 

In the International Energy Agency’s World Energy Outlook 2012 it is stated, that 

renewables will become the world’s second-largest source of power generation by 

2015, and that by 2035 they will deliver almost one-third of the total electricity 

output (IEA 2012, 6). The International Energy Agency’s Concentrating Solar Power 

Technology Roadmap estimates that CSP could reach the capacity of 148 GW by 

2020. Fossil fuels used as backup fuels and in hybrid plants would cover 18% of 

produced energy. The Roadmap estimates that CSP technologies will become 

competitive with coal-fired base-load plants by 2030, and the total installed capacity 

will reach 337 GW. By 2040 and 2050 the estimated CSP capacity is 715 GW and 

1,089 GW, respectively. In this way, CSP would provide 11.3% of estimated 

electricity production in 2050. (IEA 2010, 21-23) IEA published an updated version 

of the Solar Thermal Electricity Roadmap this year for Technology Roadmap 2010 

with updated CSP capacity goals. According to the updated goals, the CSP 

deployment will be much slower until 2020 than envisioned previously, as CSP 

technologies gradually achieve maturity and investment costs gradually drop. The 

initial cumulative capacity expectation of 148 GW by 2020 is likely to be achieved 

seven to ten years later at best. By 2030, global CSP capacity jumps closer to the 

initial goal. Capacity factors grow regularly with the deployment of thermal energy 
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storages reaching on average 45% in 2030, which is a decade earlier than in the 

previous Roadmap. According to Roadmap 2010, CSP could provide 4,770 TWh 

annually representing 11.3% of estimated global electricity production, as the 

estimation of Roadmap 2014 is very close to that; 4,380 TWh in 2050, providing 

11% of the electricity production. (IEA 2010, 23; IEA 2014, 7-8, 21) Figure 7 shows 

the previously mentioned estimations for CSP growth development, and also the 

corresponding estimations in CSP Global Outlook 09 by SolarPACES, ESTELA and 

Greenpeace. The latter presents three different scenarios for future capacity 

development. According to the advanced scenario in the CSP Global Outlook 09, 

concentrated solar power could cover 18.3-25.69% of electricity demand by 2050 

(SolarPACES et al. 2009, 56).    

 

 

Figure 7. Estimated CSP capacity in 2013 by CSP World and estimations for future CSP 

capacity growth found in IEA’s Technology Roadmaps for Concentrating Solar Power and 

Solar Thermal Electricity and in CSP Global Outlook 09 by SolarPACES, ESTELA and 

Greenpeace. (CSP World; IEA 2010, 21-23; IEA 2014, 18, 21; SolarPACES et al. 2009, 57). 
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2.1 Concentrated solar power systems 

A typical concentrated solar power plant can be divided into three main subsystems; 

a solar collector field, a solar receiver and a power conversion system, as illustrated 

in Figure 8. The energy concentrated by reflectors is commonly delivered into a heat 

transfer fluid in the receiver, and then transferred into steam used as the working 

fluid in the power block. So heat transfer fluid (HTF) links the solar collectors to the 

power block. Typical heat transfer fluids are molten salts and oils. When using 

water/steam as a heat transfer fluid, direct steam generation (DSG) in the solar field 

can be applied, and no heat exchanger between the HTF and water is needed. 

Sometimes there is also a storage system to enhance performance and increase the 

capacity factor, as well as a back-up system in solar hybrid plants. (Barlev et al. 

2011, 2704; Conlon et al. 2011, 2)   

 

 

Figure 8. Subsystems of a typical CSP plant (Lovegrove & Stein 2012, 17). 

 

A variety of technical concepts for concentrated solar power have been proposed and 

commercialized. Those concepts differ as regards their optical and thermal-hydraulic 

characteristics. (Conlon et al. 2011, 1) Currently, there are four basic CSP 

technologies, which can be classified by the collector and receiver configuration: 

parabolic trough, linear Fresnel reflector, solar tower (or central receiver) and 

parabolic dish (or solar dish). In each technology there is variation in solar field 

layout, tracking system, receiver type, heat transfer fluid, storage technology and 

power conversion system. (Behar et al. 2012, 15; IEA-ETSAP & IRENA 2013, 1) 
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The ways to classify CSP systems are, for example, whether the system focuses the 

solar irradiation into a single focal point or into a focal line and whether the system 

utilizes a fixed or mobile receiver. These classifications of CSP systems are shown in 

Figure 9. Concentration ratio describes the intensity of concentrated radiation; 

geometric concentration ratio is determined as ratio of collector aperture area to 

receiver area. Line focusing systems concentrate the irradiation by 50-100 times, and 

the corresponding value for point focusing systems is from 500 to several thousands. 

(Lovegrove & Stein 2012, 16, 19) An overview of all four CSP technologies is given 

in this chapter by means of basic technology, plant design and process. The collector 

systems and their configurations and features about which we are interested in this 

thesis are examined more closely in Chapter 3. The basic configuration and process 

of all technologies are shown in Figure 10.   

 

 

Figure 9. Four types of CSP technologies sorted by focusing arrangement and receiver 

functionality (IEA 2014, 12). 
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Figure 10. Four main CSP technologies; 1) parabolic trough 2) parabolic dish 3) solar tower 

4) linear Fresnel (Guerrero-Lemus & Martínez-Duart 2013, 136). 

 

Parabolic trough, linear Fresnel reflector and solar tower represent power plants, 

which can be utilized for centralized electricity generation, as parabolic dish is more 

suitable for distributed generation. The parabolic trough is the most mature CSP 

technology, and it accounts for more than 90% of the total installed CSP capacity. 

The parabolic dish represents the least mature technology, as it is still at the 

demonstration stage. (IEA-ETSAP & IRENA 2013, 1, 4; IRENA 2012, 7). Both 

linear Fresnel reflector and solar tower technology have gained great attention in 

recent years (Rinaldi et al. 2014, 1492). Solar tower is well suited for markets 

requiring dispatchable electricity generation and for integration into advanced 

thermodynamic cycles (Romero-Alvarez & Zarza, 15). Appendix 1 shows the main 

features of all four CSP technologies. As the technology development can be rapid, 

some values might not represent the state-of-the-art or values of new plants anymore, 

but the figure still shows a good comparison between the four technologies. 
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2.1.1 Parabolic troughs (PT) 

The parabolic trough solar collector field consists of several parallel rows combined 

of several collectors connected in series so that the heat transfer fluid is heated as it 

passes the parallel absorber tubes (Romero-Alvarez & Zarza, 31). Parabolic-shaped 

reflectors reflect the incident sun’s rays onto a focal line and track the sun in a single 

axis, and thus the configuration of reflector is made of long modules. A simplified 

module configuration is shown in Figure 11. The concentration ratio achieved is in 

the range of 15-45. Reflectors and receiver move together while tracking. The 

orientation of the tracking system, whether it is oriented in an East-West direction or 

in a North-South direction, depends on the application and the electricity need 

distribution during the year. The East-West oriented collector system needs very 

little collector adjustment during the day; the best performance is at noon, and it 

collects more energy during the winter and less energy during the summer than a 

North-South oriented collector system. (Barlev et al. 2011, 2704; Conlon et al. 

2011, 1; Kalogirou 2004, 248-249) North-South oriented collectors are used in all 

commercial PT plants, as they maximize the yearly production (Fernández-García et 

al. 2010, 1703).  

 

 

Figure 11. Components and configuration of a parabolic trough collector module (Barlev et 

al. 2011, 2705). 

 

 

http://www.scopus.com/authid/detail.url?origin=AuthorProfile&authorId=35781507600&zone=
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Parabolic trough technology is currently utilized in several operational large-scale 

CSP plants around the world. Most of those operating PT plants have capacities 

between 14-100 MWe, while there are already some larger plants and more are under 

construction and development. The world’s largest PT power plant is a 280 MW 

plant, Solana, located in Arizona USA and owned by Abengoa Solar. The solar-to-

electricity efficiency of parabolic troughs is around 14-16%. (Abengoa Solar; Barlev 

et al. 2011, 2705; IEA-ETSAP & IRENA 2013, 4; NREL 2013; Zarza et al. 2004, 

635)  

 

Parabolic trough system can utilize thermal oils, molten salts and water/steam as a 

heat transfer fluid. The heat transfer fluid partly determines the achieved solar heat 

temperature range; thermal oil can be heated up to 390 ºC limited by its degradation 

temperature, and with molten salts temperatures of about 550 ºC can be reached. In 

currently operational plants, thermal oils are mostly used as heat transfer fluids. They 

are preferred due to their relatively low volatility and thus lower stress on the 

absorber tubes. Molten salts are less corrosive than oils, but more costly. DSG 

utilization offers a commercial alternative to parabolic trough solar field with thermal 

oil or molten salt. However, due to certain complexity in the use of DSG technology, 

it is not yet applied in commercial parabolic trough designs. In direct steam 

generation steam temperatures as high as in point focusing systems cannot be 

achieved. One of the most well-known projects to investigate direct steam generation 

with different control modes is known as DISS (Direct Solar Steam) project, 

implemented at the Plataforma Solar de Almería (PSA) during the years 1999-2001. 

The project, and its final results and conclusions, are described in reference (Zarza et 

al. 2004). Abengoa Solar has built and operated an 8 MWh DSG parabolic trough 

demonstration plant based on recirculation mode. It operates at 450 ºC and 85 bar, 

and has also been tested at 550 ºC. Currently line focusing DSG solar fields are based 

on recirculation mode, as the next step is a once-through mode, whose control 

schemes are currently under development. In general, the current DSG development 

aims to temperatures of 450-550 ºC, the temperature determined by the durability of 

the selective absorber tube coating. Both direct and indirect storage systems can 

easily be integrated into a PT system. (Alguacil et al. 2013, 21-22; Barlev et al. 2011, 
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2706-2707; Feldhoff et al. 2014 a, 1; IRENA 2012, 8; Lovegrove & Stein 2012, 399; 

NREL 2013)  

 

A Swiss company, Airlight Energy, has brought a novel parabolic trough concept 

shown in Figure 12 onto the market. The system utilizes air as HTF and can be 

combined with packed-bed thermal energy storage. The design has been developed 

in order to overcome the operating temperature limit of parabolic trough working 

with oil; thermal oil is replaced by air practically without a temperature limit and a 

cavity receiver is used, eliminating the use of selective coating. The concrete frame 

of the system can be manufactured on-site and leads to low collector cost per primary 

aperture area. Both mirrors and receiver are protected inside an enclosure having a 

controlled atmosphere. The external film of the enclosure is a highly transparent 

ETFE material. The system is suitable for high-temperature operations above 600 ºC. 

The air is filtered and dehumidified before usage in the receiver, and it remains 

below the dew point. The receiver applies a cross-flow design, and the air inlet and 

outlet are on the same side of the collector. It is possible to use a container filled with 

stone grave as a storage system, as air is used as a heat transfer fluid. (Airlight 

Energy 2014 a; Good et al. 2013, 383)  

 

Airlight Energy operates a test installation in Biasca in Switzerland, and in 2014 it 

started to operate a PT pilot plant shown in Figure 13 based on its own technology in 

Ait Baha in Morocco. (Airlight Energy 2014 b; Airlight Energy 2014 c) The basic 

technological information about Ait Baha pilot plant is given in Table 1. 
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Figure 12. Airlight Energy’s concentrating parabolic trough system based on air as a heat 

transfer fluid (Airlight Energy 2014 a). 

 

 

Figure 13. Airlight Energy’s pilot PT plant in Ait Baha in Morocco (Airlight Energy 

2014 b). 
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Table 1. Basic information about Airlight Energy’s PT pilot plant in Ait Baha in Morocco 

(Airlight Energy 2014 b). 

PT pilot Ait Baha   

land area 24 hectares 

solar resource 2,200 kWh/m
2
/yr 

estimated electricity generation 2,390 MWh/yr 

solar field aperture area 6,160 m
2
 

collector loops 1 - 

solar collector assemblies per loop 3 - 

SCA aperture area 2,053 m
2
 

SCA length 215 m 

collector modules per SCA 12 - 

heat collector elements 108 - 

heat transfer fluid air - 

inlet temperature 270 ºC 

outlet temperature 570 ºC 

turbine capacity 3 MW 

thermodynamic cycle organic Rankine - 

design point 3.9 MWh peak thermal power 

storage type packed-bed of rocks - 

storage capacity 12 h 

 

2.1.2 Linear Fresnels (LFR) 

The linear Fresnel reflector system is composed of several long rows of reflectors, 

called primary mirrors, that focus solar irradiation together onto an elevated linear 

tower receiver, which is assembled parallel to the reflector rotational tracking axis. 

Irradiation can be directly absorbed by the receiver or concentrated a second time by 

a secondary reflector. The sun-tracking system works in one-axis. The mirrors have a 

long focal length, which allows construction of flat or slightly curved mirror 

elements. There are numerous types of collector designs in different stages of 

development, and the design can vary in terms of individual mirror dimensions and 

overall arrangement. Unlike in the parabolic trough system, the receiver is fixed. The 
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concentration ratio in the LFR system varies in the range of about 10-40, and 

depends on whether a secondary reflector is used or not. The field configuration 

consists of number of parallel loops including several collector modules in series. 

(Barlev et al. 2011, 2704; Lovegrove & Stein 2012, 153, 399; Wagner 2012, 1-2; 

Zhu et al. 2014, 640) The current technology solutions utilizing linear Fresnel 

reflectors apply direct steam generation (DSG), as steam is generated directly in the 

solar field and no additional heat transfer fluid is needed. Currently, both saturated 

and high-temperature superheated steam can be produced, while previously the 

technology was mainly assumed to be suitable only for low-temperature applications. 

Superheated steam generation is technically more challenging, but it offers greater 

system efficiencies. (Günther, 19; Wagner 2012, 2; Zhu et al. 2014, 646) Linear 

Fresnel technology has the potential for cost reductions in the future due to its 

technological simplicity. The disadvantage of the DSG technology is not having the 

opportunity for large-scale storage integration, as they are not yet commercially 

available for LFR systems. (Peterseim et al. 2013, 526)  

 

Historically, linear Fresnel reflectors were often developed for low- and medium-

temperature heat generation applications, such as for building cooling and heating, 

industrial process heat supply and water treatment. The development of linear 

Fresnel reflectors started several decades ago, and many of the most important 

milestones are described in reference (Zhu et al. 2014). Francia patented and 

prototyped the first meaningful Fresnel collector in Italy in 1964, and since then 

several Fresnel designs have been considered. Some designs worth noticing are a 

wooden-frame mini-structure collector capable of producing steam up to 120 ºC, and 

an innovative compact linear Fresnel reflector (CLFR) commercial prototype 

developed by the Solar Heat and Power Company. Most Fresnel systems developed 

utilize low-profile reflectors and a single receiver. During the development of linear 

Fresnel reflectors, many prototypes have been constructed, as an example a prototype 

by Solarmundo in Belgium, Fresdemo by the Solar Power Group tested at PSA, and 

prototypes constructed in Sicily in Italy and in Seville in Spain. The prototypes 

achieved temperatures between 200 ºC and 426 ºC and were operated either under 

one- or two-phase flows. (Zhu et al. 2014, 640, 643-645) 
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LFR technology has recently attracted a great deal of interest after the technology 

development from saturated steam production to superheated steam production, and 

for example in (Zhu et al. 2014) the current state-of-the-art is presented 

comprehensively. Linear Fresnel reflector technology is an emerging concentrating 

solar power technology, and it is currently at the stage of proving its commercial 

viability in the commercial plants. This is a less commercially mature than parabolic 

trough technology. (Lovegrove & Stein 2012, 154; Peterseim et al. 2013, 526) The 

technology is of growing interest at least in the USA as an option to be integrated in 

combined cycle power plants (Wagner 2012, 1). It also has potential markets in 

stand-alone utility-scale electricity generation, process heat and other hybridization 

forms with conventional electricity production (Wagner & Zhu 2012, 1). At the 

moment, there are only a few LFR power plants in operation, capacity varying from 

0.25 MW to 30 MW. Though, more plants are under construction. (NREL 2013)   

 

Linear Fresnel system can produce either saturated or superheated steam, and the 

solar field steam generator configuration varies according to steam parameters and 

manufacturers. The most current design uses a recirculation boiler, where the HTF 

exiting solar field is as a two-phase mixture (saturated steam and saturated water), 

and water is recirculated back into the solar field. The steam mass fraction of the 

mixture is called steam quality, and it is maintained at the desired value with a 

recirculation pump. Saturated steam can be superheated or sent to the turbine. In the 

linear Fresnel power plant with DSG, a water/steam separator is needed between 

evaporation and superheating section when producing superheated steam and 

between the solar field and power block when producing saturated steam. The 

modular nature of the LFR technology offers an opportunity for a wide range of 

steam outlet conditions. The trend is towards producing superheated steam with 

higher steam parameters. (Günther, 28; Wagner 2012, 2; Wagner & Zhu 2012, 2) 

Higher pressures are desired, as they improve the power cycle efficiency, thus reduce 

the power output, as shown in (Coco-Enríquez et al. 2013, 2). Table 2 shows linear 

Fresnel plants that are currently operational or under construction with power cycle 

properties that are publicly available. Only plants generating superheated steam 

(370 ºC) are based on Areva Solar’s technology. Though, Novatec Solar has already 

developed and demonstrated their SuperNova superheated steam technology 
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(Novatec Solar c). These two companies are nowadays leaders in the development of 

high-temperature linear Fresnel collectors (Zhu et al. 2014, 644). At the moment, 

Novatec Solar’s Puerto Errado 2 is the world’s largest LFR solar power plant 

(Novatec Solar a).    

 

Table 2. Properties of linear Fresnel solar power plants currently operational and under 

construction (NREL 2013).  

CSP plants 

operational and 

under construction  

country water inlet 

temperature 

[ºC] 

steam 

temperature 

[ºC] 

steam 

pressure 

[bar] 

power 

[MW] 

Kimberlina Solar 

Thermal Power 

Plant,  

stage 1-3 (2008) 

USA - 300 40 5.0 

Puerto Errado 1 

Thermosolar Power 

Plant (2009) 

Spain 140 270 55 1.4 

Kimberlina SSG4 

(2010) 

USA 105 370 104 7.3 

Puerto Errado 2 

Thermosolar Power 

Plant (2012) 

Spain 140 270 55 30 

Augustin Fresnel 1 

(2012) 

France - 300 100 0.25 

Liddell Power  

Station (2012) 

Australia 140 270 55 9.0 

Alba Nova 1 (2014) France - 300 65 12 

eCare Solar Thermal 

Project (2014) 

Morocco 160 280 70 1.0 

Llo Solar Thermal 

Project (2015) 

France 190 285 70 9.0 

Kogan Creek Solar 

Boost (2015) 

Australia 186 370 60 44 

 

Two different loop configurations can be applied in linear Fresnel technology with 

DSG. NREL’s System Advisor Model SAM includes both of these and they are 

shown in Figure 14. Both preheating, evaporation and superheating are connected in 

one single loop in series, and several loops are connected in parallel. The first field 

design option includes water recirculation (RC). The water entering the boiler section 
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is subcooled and at high pressure. A separator is placed between the boiler and the 

superheating section. In the RC system, the desired steam quality is achieved by 

varying the boiler mass flow. The steam generation in the boiler section sets a 

constraint for the amount of dry steam sent to the superheater, and consequently 

mass flow-based temperature control for superheated steam is not possible. As a 

result, the steam outlet temperature varies depending on solar irradiation and thermal 

losses. The second option for solar field arrangement is a once-through (OT) system, 

where liquid water is heated up to superheated steam during one pass without 

recirculation. This option has been used in one CSP plant so far. In the OT system, 

mass flow can be varied in order to achieve the desired design point steam 

temperature value, with some load constraints. In order to achieve a constant outlet 

temperature, injection coolers can be applied. The RC boiler has some advantages 

over the OT boiler. It has the ability to maintain stable heat transfer from the hot pipe 

into the heat transfer fluid without local overheating. However, recirculation requires 

additional pumping and equipment with relatively high investment costs and a more 

complex steam outlet temperature control compared to the OT boiler model. 

(Feldhoff et al. 2014 a, 1; Wagner 2012, 2-3; Wagner & Zhu 2012, 4) The OT boiler 

is easily scalable, very flexible in operation and show short start-up times, but as 

drawbacks the length of evaporation zone is not fixed and the disturbance behaviour 

is less robust (Feldhoff et al. 2014 a, 1). In (Valenzuela et al. 2005) is presented 

control schemes designed and tested both for recirculation and once-through 

operating modes for parabolic trough technology, and (Valenzuela et al. 2006) is 

focused on a recirculation control mode in parabolic trough technology. The main 

objective of the designs is to maintain constant steam outlet temperature and 

pressure, so that changes in the water inlet conditions and/or solar irradiation 

conditions only affect the amount of steam produced, but not its quality (Valenzuela 

et al. 2005, 301). Control schemes for DSG in parabolic trough system can be partly 

utilized for linear Fresnel reflector system as well. 
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Figure 14. Recirculation boiler (left) and once-through boiler (right) arrangements in the 

LFR solar field in NREL’s SAM model. The second is not widely in use yet. (Wagner 

2012, 3) 

 

In the SAM model, each collector line deploys a separator at the end of the 

evaporation section to separate water and steam. Also, a central vessel used by all 

lines together could be possible. Smaller separators for each line offer a reduction in 

thermal inertia, material consumption and pressure loss. (Eck & Hirsch 2007, 269-

270) Figure 15 shows a solar field applying a central separator. 
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Figure 15. Solar field applying one central separator between the evaporation and 

superheating section instead of smaller separators in each row (Feldhoff 2012 b, 32). 

 

In (Häberle et al. 2002) is presented Solarmundo’s (today SPG) prototype solar field 

design, which produces superheated steam in a RC boiler. The field design shown in 

Figure 16 is divided into three sections linked in series; preheating section, 

evaporation section and superheating section. Each section consists of several 

collector loops, which in turn are collected in parallel. A steam is fed into parallel 

loops and collected from those with headers. Steam drum is needed between the 

evaporation and superheating section to separate water and steam, as in the SAM’s 

recirculation boiler model. (Günther, 28; Häberle 2002, 2) The solar field design 

differs from that of used in the SAM model presented above as preheating, 

evaporation and superheating sections are located in separated loops instead of one 

loop, and the field design does not apply multi-pass configuration.  
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Figure 16. Configuration of Solarmundo’s linear Fresnel technology-based solar field, which 

is divided into three separate sections (Häberle et al. 2002, 2). 

 

(Conlon et al. 2011) presents a compact linear Fresnel plant producing superheated 

steam at a temperature of 450 °C based on once-through solar field design. The plant 

is designed, constructed and demonstrated by Areva Solar. The design is deployed at 

an SSG4 unit at the Kimberlina Solar Thermal Power Station in California. The 

design utilizes 400-metre long tube bundles with a cavity receiver design. Areva’s 

receiver configuration with very long multiple tube arrays required development of 

its very own steam control system. It utilizes a Model Predictive Control (MPC) 

system able to maintain two of three steam parameters under varying solar irradiation 

conditions: mass flow, temperature and pressure. The basic control system is simple; 

the feedwater flow must be matched to heat input conditions. The challenge is caused 

by long transit times related to long loop length (800 m) and by varying solar input. 

Both preheating, evaporation and superheating sections are placed in series in single 

loop, and the SSG4 consists of three loops. SSG4 is stated to be forced flow steam 

generator and not having fixed steam or water line. The SSG4 represents the state-of-

the-art in terms of direct steam generation, and is able to achieve a higher 

temperature than any other previous line focusing concentrated system. (Conlon et al. 

2011, 2, 6; Lovegrove & Stein 2012, 181; NREL 2013) Table 3 shows publicly 

available solar field design and water/steam parameter values for Areva’s SSG4 unit 

and Novatec Solar’s Nova-1 design producing saturated steam. Also, SPG has tested 

their Fresdemo collectors operating at temperatures of up to 450 ºC. (Lovegrove & 

Stein 2012, 172).   
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Table 3. Solar field design and water/steam parameter values for the saturated steam 

producing Nova-1 design by Novatec Solar and superheated steam producing SSG4 unit at 

the Kimberlina Solar Thermal Power Station constructed by Areva Solar. For Nova-1 the 

values used are found in reference (Giostri et al. 2011, 4-5) representing Nova-1 technology. 

It must be noted that the water inlet temperature in the Nova-1 represents the value after 

recirculation. The design steam outlet pressure of SSG4 is 104 bar, though the real applied 

pressure is 92 bar due to pressure levels of other units in the power station. The station is 

expected to operate later at a temperature of 450 ºC, and the maximum allowable wall 

temperature is 482 ºC. (Conlon et al. 2011, 1, 4; Giostri et al. 2011, 4-5) 

technology NOVA-1 (RC) SSG4 (OT) 

 

receiver 

single tube non-

vacuum cavity  

receiver 

multi-tube non-

vacuum cavity 

receiver - 

water inlet pressure 66 - bar 

water inlet temperature 195.9 105 ºC 

steam outlet pressure 55 92-104 bar 

steam outlet temperature 270 370 ºC 

temperature difference 74.1 265 ºC 

number of parallel loops 43 3 - 

mass flow at solar field outlet 96.5 3.05 kg/s 

mass flow in single loop 2.24 1.02 kg/s 

mass flow at turbine inlet 77.2 - kg/s 

recirculation 19.3 - kg/s 

steam quality 0.80 1.0 - 

 

Also, Novatec Solar has developed a superheated steam generating collector, called 

SuperNova, utilizing recirculation boiler technology. It has been tested in Puerto 

Errado 1 power plant in Spain by integrating a 300 m long superheating section into 

the existing power plant, which is based on Nova-1 design. (Morin et al. 2011, 1; 

Novatec Solar d). The only difference between the SuperNova and Nova-1 

technologies is in the design of the receiver (Morin et al. 2011, 2). The steam 

temperature achieved is from 450 ºC to 500 ºC (according to (Zhu et al. 2014, 644) 

520 ºC) (Selig & Mertins 2010, 5-6). According to Novatec Solar, the steam 

temperature achieved is above 500 °C, the conversion efficiency from solar heat to 
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electricity is increased by 50% compared to Nova-1 technology and heat losses are 

reduced by 50% compared to Nova-1 due to the use of vacuum receivers (Novatec 

Solar 2010; Novatec Solar 2011) In some calculations, a steam pressure of 90 bar is 

used for the SuperNova (Coco-Enríquez et al. 2013, 2; Lovegrove & Stein 2012, 

180), while in (Selig & Mertins 2010) the pressure of 80 bar is presented. Figure 17 

shows the field layout of the SuperNova design, and, as can be seen, it utilizes long 

parallel collector rows without loops. Vacuum receivers are used in the superheating 

section and other parts of the solar field represent Novatec Solar’s already market-

proven technology deployed in currently operational power plants (Novatec Solar 

2011).  

 

 

Figure 17. Solar field layout for Novatec Solar’s SuperNova technology (Bachelier 2013). 

 

Novatec Solar has under development an LFR technology utilizing a molten salt both 

as HTF and storage media. This Nova-DMS concept allows process temperatures up 

to 550 °C and dispatchable base load power generation. The receivers consist of 

vacuum absorber tubes. (Novatec Solar 2013; Novatec Solar c)   
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Industrial Solar has developed linear Fresnel collector LF-11, which, like SuperNova 

technology, utilizes vacuum tube receivers. The collector is capable of producing 

steam at pressures up to 120 bar (standard 40 bar) and temperatures up to 400 ºC. 

The collector can produce superheated steam by DSG, but other heat transfer fluids, 

such as thermal oils, can also be used. The collector is stated to be able to produce 

output of 562 W/m
2
 per primary reflector area. Industrial Solar’s product is made for 

installations on rooftops in the scale of 100 kW-10 MW rather than for larger scale 

power plants. The advantage of using vacuum tube design is that the thermal 

performance is independent of wind speed. (Industrial Solar) 

 

2.1.3 Solar towers (ST) 

The solar tower power plant consists of a heliostat field, receiver and a power 

conversion system. The receiver is located on the top of the tower, where a number 

of computer-controlled mirrors reflect solar irradiation. Irradiation is converted into 

heat at high temperature levels. The solar tower designs vary mostly according to 

receiver designs. A simplified system configuration is shown in Figure 18. The 

concentration ratio of solar tower technology is typically in the range of 150-1,500, 

and as it is higher than for line focusing systems, also achieved temperature range is 

higher. Current temperatures range from 200 °C to 1,000 °C, depending on the 

receiver design and the heat transfer fluid selected. Possible heat transfer fluids 

include water/steam, molten salts, thermal oils and air. When using molten salt as 

HTF, temperatures up to around 600 °C can be achieved. Temperatures above 800 ºC 

can be obtained by using gases. The heat transfer fluid selected determines whether 

direct or indirect steam generation is applied. (Behar et al. 2013, 16-17; IEA-ETSAP 

& IRENA 2013, 10; Lovegrove & Stein 2012, 241, 398) Thermal storage system is 

suitable for solar tower integration and it enables electricity generation with high 

annual capacity factors (Romero-Alvarez & Zarza, 51).   
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Figure 18. Simplified system configuration of solar tower technology (Barlev et al. 2011, 

2705). 

 

So far, ST plants have been mainly demonstration projects having minor capacities 

of around 1-20 MW, but currently there are larger plants under construction and 

development, and Ivanpah Solar Electric Generating System in California with a 

capacity of 392 MW became operational in 2013 (NREL 2013). Future interests in 

solar tower designs are focused, for example, on supercritical and ultra-supercritical 

steam production and carbon dioxide cycles (Behar et al. 2013, 35). In June 2014, 

CSIRO reported that their Advanced Solar Steam Project in Australia had generated 

supercritical solar steam for the first time ever, at temperature of over 570 ºC and a 

pressure of 235 bar (PEi). In the long run, it is possible that solar tower technology 

could provide the most cost-efficient CSP electricity generation. High-temperature 

solar tower plants have potential advantages over other technologies related to 

efficiency, heat storage integration, performance, capacity factor and costs. (IEA-

ETSAP & IRENA 2013, 10) Solar tower technology offers high temperature levels, 

and consequently higher efficiencies than line focusing technologies (Rinaldi et al. 

2014, 1491). A problem related to birth deaths due to collision with heliostats or 

exposure to high concentrations of solar flux was detected in Ivanpah project. 

Concerns of avian mortality can complicate implementation of new solar tower 

projects. The number of birth deaths is though relatively low compared to other 

sources of birth deaths. (Renewable Energy World.com)     
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2.1.4 Parabolic dishes (PD) 

The parabolic dish system includes a parabola-shaped dish reflector and a receiver 

located at the focal point of the dish. The power conversion unit includes the receiver 

and power conversion application; typically a Stirling engine or a micro-turbine. 

Hydrogen and helium are suitable heat transfer fluids for the Stirling engine. The 

dish system also includes waste heat exhaust system. As parabolic dish tracks the sun 

in two-axes, focusing the sun’s rays at a single point, the concentration ratio can 

achieve values as high as 1,000-3,000. Currently, the achievable temperature range is 

750-1,500 ºC, and the best efficiencies within all the CSP technologies are achieved 

by parabolic dish utilizing the Stirling engine. The efficiency comes from the fact, 

that the dish is continuously pointing at the sun. (IRENA 2012, 6; Kalogirou 2004, 

251; Lovegrove & Stein 2012, 398) The performance of the Stirling engine is best at 

temperatures below 950 ºC, whereas at higher temperatures combined cycle gas 

turbine is a better choice (Barlev et al. 2011, 2713). The electrical output of the 

system is proportional to the reflector size, its optical efficiency, power conversion 

unit efficiency and generator efficiency (Bergermann). A simplified module 

configuration of the parabolic dish is shown in Figure 19. 

 

 

Figure 19. Components and configuration of the parabolic dish module (Barlev et al. 2011, 

2705).  
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The generating capacity of a single parabolic dish is small, being typically from 5 to 

50 kW, and that makes the PD system extremely modular and consequently suitable 

for distributed on-grid and remote/off-grid generation. Modules can function as parts 

of larger system as well. Parabolic dish is still at the demonstration stage. In the 

future, it could be a good alternative for other solar technologies in arid regions 

thanks to its small size and good scalability. The challenge with PD production is the 

difficulty of integrating storage into the system. (IRENA 2012, 6; Romero-Alvarez & 

Zarza, 15)  

 

2.2 Concentrated solar power and photovoltaics  

In Fraunhofer ISE’s study (Kost et al. 2013), the LCOE generated by different 

renewable energy technologies is analysed in Germany in the third quarter of 2013 

and solar technologies are analysed separately in favourable irradiation conditions. 

Figure 20 shows the results for LCOE calculations of both PV and CSP in 2013. The 

results show that, in favourable irradiation regions of 2,000 kWh/m
2
/yr, utility-scale 

PV power plants were able to produce electricity for 0.059 €/kWh, which makes it 

comparable with electricity production from oil, gas and coal. It is estimated, that the 

parabolic trough CSP system with thermal energy storage having a capacity of eight 

full load hours, located in the region with DNI between 2,000 kWh/m
2
/yr and 

2,500 kWh/m
2
/yr, had an LCOE from 0.139 €/kWh to 0.196 €/kWh in 2013. PV has 

a clear cost advantage over CSP. (Kost et al. 2013, 4) If the electricity generation 

cost of utility-scale PV in GHI condition of 2,000 kWh/m
2
/yr and parabolic trough 

system in DNI condition of 2,000-2,500 kWh/m
2
/yr are compared, it can be roughly 

calculated, that the LCOE of PV is in the range of 30-54% of the LCOE of CSP.  
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Figure 20.  LCOE for PV and CSP, and concentrating photovoltaics (CPV) as well, in 2013 

according to Fraunhofer ISE’s study (Kost et al. 2013, 5).  

 

However, the results shown above do not take into account the ability of CSP to store 

and generate dispatchable energy, which is an advantage over PV. Today CSP is the 

only technology which can utilize large-scale thermal energy storage. (Kost et al. 

2013, 4, 29) Thermal storage gives CSP the possibility to achieve higher capacity 

factors and dispatch generation to times without irradiation. There have been several 

analyses studying the impact of thermal energy storage on the LCOE of the power 

plant. Due to an improved capacity factor, there is a trade-off between the additional 

investment cost for storage system and reduced electricity cost. The economic value 

of dispatched electricity to peak demand periods depends on the specific country and 

projects, as the electricity prices can vary greatly. The value of dispatching 

generation is estimated to be from USD 15/MWh to USD 65/MWh. (IEA-ETSAP 

& IRENA 2013, 21) Also hybridization of solar field into conventional power plant 

offers dispatchability and potential LCOE reduction for CSP (Peterseim et al. 2013, 

521).  
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According to Fraunhofer ISE’s study the cost of electricity generated by PV will 

decrease to 0.043 €/kWh to 0.064 €/kWh in regions with good GHI conditions. The 

corresponding cost reduction for CSP parabolic trough is estimated to lead to a value 

between 0.097 €/kWh and 0.135 €/kWh under positive market development. This 

cost range would mean a specific investment cost of 2,900 €/kW-3,700 €/kW for PT 

with a storage system. The future LCOE estimations for both PV and CSP, as well 

for CPV are shown in Figure 21 up to year 2030. (Kost et al. 2013, 4-5)   

 

 

Figure 21.  Fraunhofer ISE’s predictions for LCOE of various renewable technologies based 

on solar resource by 2030 under good DNI and GHI conditions. The estimations are based 

on learning curves for the considered technologies. (Kost et al. 2013, 5) 
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An important factor effecting cost reduction potential of new technologies is 

achieved learning rate. In Fraunhofer ISE’s study, the learning rate for CSP varies 

according to different references from 8% to 10% (learning rate=1-PR). LCOE 

development from today’s average cost to the cost in 2030 is calculated based on 

learning curves, when the investment cost is set to 6,000 €/kW and DNI to 

2,500 kWh/m
2
/yr. The results of learning curve sensitivity analysis are shown in 

Figure 22. According to these, the LCOE of CSP could reach the value of 

0.10 €/kWh by 2030. (Kost et al. 2013, 31-32) As a comparison, the learning rate of 

PV has been on the level of 20% for the last three decades, and historically no other 

energy technology has showed such a number over such a long period. Learning rate 

of about 10% is typical for renewable energy technologies. (Gerlach et al. 2014, 3-4) 

 

 

Figure 22. The effect of the learning curve on LCOE development of CSP up to year 2030 

(Kost et al. 2013, 32). 
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As shown in the Solar Thermal Electricity Roadmap by IEA, the deployment of PV 

has been faster than the deployment of CSP, and CSP will achieve its capacity target 

for the year 2050, but slower than initially expected. (IEA 2014, 5, 7, 21). In 

(Pleßmann et al. 2014) is presented a global 100% renewable electricity supply 

scenario. According to that, the least-cost energy transition towards high shares of 

renewables is achieved with local least-cost renewable energy (RE) technologies: 

wind and PV. CSP becomes relevant technology for renewable energy shares of 

50%. (Hlusiak et al. 2014, 1; Pleßmann et al. 2014, 27). That explains the slower 

CSP capacity growth than first expected. In (Pleßmann & Breyer 2013) hybrid 

energy system calculations are given for Saudi Arabia in 2020, and the relation 

between PV and CSP capacity development is similar to that in general, as shown in 

Figure 23. Wind energy and PV are cost competitive, and according to sensitivity 

analysis, CSP and thermal energy storage (TES) become an attractive option also in 

Saudi Arabia when renewables have achieved a total share of 50% in the total energy 

mix. (Pleßmann & Breyer 2013, 18) CSP becomes a relevant option for certain 

amount of RE due to cost effective thermal energy storage, which enables to follow 

fluctuations in power demand. According to (Pleßmann et al. 2014), thermal energy 

storage is preferred short-term energy storage option in 100% RE scenario. TES is 

preferred storage option near the equator, where DNI is high. In tropical regions, 

having lower DNI values, batteries are preferred option, as they are best suited 

storage option for PV, which is major energy source in tropical regions. (Hlusiak et 

al. 2014, 1; Pleßmann et al. 2014, 28, 30) Renewable power methane (RPM) storage 

is most relevant seasonal storage. Hybrid PV and wind together with RPM and gas 

turbine might be very cost-competitive option to produce renewable electricity, and 

coupling with battery storage could further reduce LCOE. (Pleßmann & Breyer 2013, 

5, 24, 28). The growth rate of CSP and its role in hybrid systems will depend on the 

growth rate and LCOE of PV and its storage hybridization possibilities.  
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Figure 23. Capacity development for different renewable technologies on the path towards 

100% renewable supply in Saudi Arabia (Pleßmann & Breyer 2013, 12). 

       

2.3 Concentrated solar power hybrid systems 

Solar irradiation is intermittent, but due to the development of storage technology 

CSP technology has the advantage of dispatchable electricity generation. Nowadays, 

several plants are equipped with thermal energy storage from 7.5 h to 15 h. The CSP 

industry has faced increasing competition from the photovoltaic (PV) industry as the 

manufacturing costs of PVs are rapidly decreasing. In this competition, the CSP 

industry has to emphasize the benefits of dispatchability. As CSP and storage 

technology costs are still relatively high, a competitive solution is hybridization with 

conventional power plants. Hybridization offers the joint use of equipment, such as 

steam turbine, condenser, infrastructure and feedwater equipment, which provides an 

opportunity for LCOE reduction of up to 28% according to (Peterseim et al. 2013). 

CSP installation by hybridization has the advantage of a smaller financial investment 

with a lower financial risk compared to stand-alone plant, and the cost reduction 

provided by hybridization could also further assist the installation of stand-alone CSP 
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plants. CSP-hybrid installations can also be seen as an opportunity to take into use 

new, less mature CSP technologies. As stated before, an annual DNI value of 

2,000 kWh/m
2
 is typically required for stand-alone CSP production. Apart from 

generation dispatchability and cost reduction, CSP-hybrid plants allow CSP 

installations in locations with DNI≥1,700 kWh/m
2
/yr. Several CSP-hybrid plants 

combining CSP and coal or natural gas are already built in the USA and Egypt, and 

they have proved the economic advantages to be gained from reduced investment 

costs and dispatchability. (Peterseim et al. 2013, 520-521) In the discussion of CSP-

hybrid plants, other hybridization options than hybridization into conventional power 

plants should not be forgotten; hybridization with other RE technologies and 

different storage technologies can offer a viable option.  

 

The target of solar integration into conventional power plants is either to reduce coal 

or gas consumption and pollution emissions or to increase power output, i.e. the CSP 

field can act either as a fuel saver or as a power top-up to the host plant. For new 

power plants using low/no emission fuels, power top-up option is more likely, as, in 

existing plants using expensive/CO2 intensive fuels, CSP field can be seen as fuel 

saver. A precondition to introduce CSP hybridization into a conventional power plant 

is the ability of the CSP system to produce steam with the desired parameters, and 

the parameters determine the possible places for steam to be used. The results of a 

study in reference (Yan et al. 2010) show that the solar thermal-to-electricity 

conversion efficiencies are higher for a solar-aided power generation system than for 

solar-alone power plant with the same temperature level of solar input. It is essential 

to discover how the efficiency changes according to temperature level. (Peterseim et 

al. 2013, 523-524, 527; Yan et al. 2010, 3733-3734) 

 

Steam produced by the CSP system can be integrated in multi-points and multi-levels 

into conventional coal-, gas- and biomass-fired Rankine cycle power plants and 

combined cycle gas turbines depending on the temperature and pressure level of the 

steam. Possible integration options are, for example, feedwater heating, steam boost, 

cold reheat line (i.e. reheating line) to be further heated and powered to steam 

turbine’s intermediate pressure stage, superheated steam powered to the turbine’s 

high pressure stage, compressor discharge air preheating in a gas turbine and 
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integrated solar combined cycle system. Some of these options are demonstrated in 

Appendix 2. Also, fossil fuel usage as a backup in solar thermal power plants in the 

absence of sunlight can be regarded as hybridization; it is the most common form of 

hybridization. When solar thermal energy is used to replace extraction steam from a 

turbine, power generation is called solar-aided power generation (SAPG). Typically, 

the extraction steam is used for feedwater preheating in coal-fired power plants. 

SAPG combines the strong points of two technologies: the relatively greater 

efficiency of the traditional Rankine cycle and the relatively low temperature levels 

of CSP. When using solar steam for feedwater preheating, the extraction steam from 

the turbine is reduced/replaced and can expand in the turbine, generating more 

power. In the study in reference (Yan et al. 2010) replacement of steam extractions 

for feedwater preheating at different temperature and pressure extractions is 

investigated. The study shows that the best solar-to-electricity efficiency is achieved 

with CSP integration into the feedwater preheater having the highest extraction 

pressure, where the solar heat temperature and pressure are sufficient. The required 

solar steam temperature is 330 ºC, and leads to solar-to-electricity efficiency of 45%. 

The solar-to-electricity efficiency decreases as the plant load and temperature level 

of steam decreases. It is remarkable, that also low temperature steam (as low as 100 

ºC in the lowest pressure feedwater preheater) can be used still with an efficiency of 

about 10%. Also, the study in reference (Hu et al. 2010) shows that the energy and 

exergy efficiencies of the power plant can be improved by SAPG, and the higher the 

solar heat temperature, the more benefit is gained. (Hu et al. 2010, 2881, 2885; 

Lovegrove & Stein 2012, 396-397; Peterseim et al. 2013, 526; Sargent & Lundy 

LLC Consulting Group 2003, 39; Yan et al. 2010, 3733-3734, 3736) In the power 

boost option, solar steam is blended with steam from conventional boiler before 

entering the steam turbine either in a conventional Rankine cycle or in the HRSG of 

a combined cycle gas turbine (CCGT). When solar steam is injected in some part of 

the HRSG of CCGT or directly into the steam turbine, the concept is called an 

integrated solar combined cycle system (ISCCS). Waste heat from the gas turbine of 

CC can be used, for example, to preheat and superheat the solar steam, which option 

is demonstrated in Figure 24 in the case of parabolic trough solar field integration. 

(Lovegrove & Stein 2012, 408; Sargent & Lundy LLC Consulting Group 2003, 39)  
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Figure 24. One possible connection for the solar field into a combined cycle gas turbine 

system in an integrated solar combined cycle concept (Lovefrove & Stein et al. 2012, 408). 

 

In several studies (Hu et al. 2010; Peterseim et al. 2013; Yan et al. 2010), the 

profitability of feedwater preheating by solar heat and other solar integration options 

have been investigated, as explained above. In order to utilize solar heat, locating the 

suitable use locations according to solar heat temperature is essential. In reference 

(Peterseim et al. 2013), the required steam temperature levels for different integration 

options into power plants of a certain size and certain temperature and pressure levels 

are stated to be roughly as in Table 4. Table 5 shows roughly the evaluations for 

bled-off steam temperatures and pressures used for feedwater preheating in a 

traditional Rankine cycle power plant according to two case studies proposing solar 

integration. In (Hu et al. 2010), the case steam cycle uses three-stage steam 

extraction system and in (Yan et al. 2010) the 200 MW coal-fired power plant has a 

seven-stage feedwater preheating system (see Appendix 3). When using solar heat to 

replace bled-off steam, it must achieve presented steam parameters. It must be noted 

that the values presented are only directional and depend on system configuration. In 

Appendix 1 shown baseline steam temperature values produced by different CSP 

technologies can be compared to values presented in the tables below.  



57 

 

  

Table 4. Required solar steam properties for different integration options (Peterseim et al. 

2013, 527-528). 

power plant type biomass (10 MWe) coal (500 MWe) CCGT (200 MWe) 

high pressure steam [ºC] 480 540/580 565 

steam reheating [ºC] 300 360 300 

feedwater heating [ºC] 270 270 260 

 

Table 5. Extraction steam properties presented in two references for case studies (Hu et al. 

2010, 2884; Yan et al. 2010, 3734). 

extraction Hu et al. 2010 Yan et al. 2010 

high pressure 

  steam temperature [ºC] 370 330 

steam pressure [bar] 60 38 

steam mass flow [kg/s] - 17.2 

medium pressure 

  steam temperature [ºC] 180 200-411 

steam pressure [bar] 10 2.6-15.1 

steam mass flow [kg/s] - 3.7-5.3 

low pressure 

  steam temperature [ºC] 100 83-145 

steam pressure [bar] 1.01 0.53-1.4 

steam mass flow [kg/s] - 5.7-8.2 

 

Parabolic troughs are capable of producing solar heat either directly or indirectly for 

feedwater preheating and steam reheating in conventional power plants, in some 

cases also high-temperature steam for superheated steam boosting, according to 

Tables 4 and 5. Parabolic trough solar fields have proved to be suitable for CCGT 

integration, combining an integrated solar combined cycle system, as there are 

already several such plants, for example, in Algeria, Egypt and Morocco. The 

advantage of this kind of system is that generated steam can take advantage of the 

combined cycle facilities with a modest increase in investment cost. (Kalogirou 

2004, 288; NREL 2013) The annual solar power share is about 10% of the total 

combined cycle production (Fernández-García et al. 2010, 1703). Also, solar towers 

http://www.scopus.com/authid/detail.url?origin=AuthorProfile&authorId=35781507600&zone=
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and linear Fresnel reflectors are suitable for CCGT integration (Lovegrobe & Stein 

2012, 409-410). 

 

Linear Fresnel reflector systems are able to produce saturated steam up to 300 ºC 

according to currently operating plants. After the development of Areva Solar’s and 

Novatec Solar’s superheated steam-producing LFR technology, temperatures of 480-

520 ºC can be achieved. According to the study in (Peterseim et al. 2013), line 

focusing systems are the ideal choice for low steam temperature (<400 ºC) 

integration and additionally LFR systems can nowadays be used for higher 

temperatures (380 ºC−450 ºC) integrations, too. (Peterseim et al. 2013, 526, 531; 

Zhu et al. 2014, 645) According to Table 4, achievable steam temperatures of LFR 

technology are capable of being used for feedwater preheating and steam reheating, 

but for high-pressure steam boosting it is not usable. Linear Fresnel reflector plants 

have already been combined into existing conventional coal-fired power plants; as an 

example, the Liddell Power Station in Australia for feedwater preheating and under 

construction the Kogan Creek Solar Boost in Australia will be connected to a power 

plant to provide steam for the cold reheat line to power the intermediate pressure 

turbine (CS Energy; Peterseim et al. 2013, 526). 

 

Solar tower technology is capable of producing solar heat either directly or indirectly 

at the highest temperatures used in conventional power plants (Lovegrove & Stein 

2012, 398). Suitability for storage integration increases the capability for hybrid 

operations (Kalogirou 2004, 252). According to (Peterseim et al. 2013), a solar tower 

with direct steam generation is the most suitable option for high-temperature 

(>450 ºC) steam generation in CSP-hybrid plants. In the future, solar tower using 

molten salt as HTF with thermal energy storage system is likely to be the favoured 

option for high-temperature steam generation, as the technology is maturing fast. 

(Peterseim et al. 2013, 531) Solar tower can be integrated beside HRSG of a 

combined cycle also into gas turbine, as ST with a pressurized volumetric air 

receiver is able to heat up the gas turbine inlet air to a temperature of about 1,000 ºC 

(Lovegrove & Stein 2012, 415).  
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In term of achieved temperature range, the parabolic dish system is also capable of 

producing steam up to the highest temperatures and pressures produced in a fossil 

fuel-fired power plants, as it can produce steam with temperature level of 750-

1,000 ºC (Lovegrove & Stein 2012, 398).   

 

Apart from technical considerations from the steam temperature and pressure point 

of view, the location for a CSP-hybrid plant must be also considered, as there must 

be a match between sufficient solar resource and fuel resource. World solar resources 

are presented in the map in Figure 25 in terms of DNI. Countries having the largest 

coal reserves are the USA, Russia, China, Australia and India, and countries having 

the largest natural gas resources are Russia, Iran, Qatar, Turkmenistan and Saudi 

Arabia (World Energy Council 2013, 11, 15). As an example, in Australia there is a 

good match between solar resource and natural gas; the potential for ISCC plants is 

high, as a number of natural gas power plants already operate/are proposed in areas 

having high DNI values. Especially promising regions are Pilbara in Western 

Australia and Mount Isa in Queensland, which have higher DNI levels and gas prices 

than other regions in Australia. Figure 26 shows both DNI conditions and operating 

and proposed natural gas power plants in Australia to demonstrate the match between 

power stations and suitable DNI areas. (Peterseim et al. 2014, 180)         

 

 

Figure 25. Annual direct normal irradiance map (Breyer & Schmid 2010, 4697).  
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Figure 26. DNI conditions (yellow>22,4-23,7 MJ/m
2
, dark brown>27,3-29,5 MJ/m

2
), 

operating natural gas power stations (left) and proposed stations (right) in Australia 

(Peterseim et al. 2014, 181). 

 

When discussing CSP-hybrid plants, other options than hybridization with 

conventional power plants must also be mentioned. In (Hlusiak et al. 2014), 

combination of two solar electricity generation technologies is discussed, as well as 

adding wind power and battery storage to this hybrid system. Hybridization of two 

solar technologies into hybrid solar power plant (HSPP) has not been widely 

discussed before. This hybridization combines advantages of two technologies; low 

cost electricity generation of PV and thermal energy storage of CSP. In (Hlusiak et 

al. 2014) is presented different hybrid systems, differing in what technologies are 

included in a system, as the possible ones are PV, solar field, thermal energy storage, 

wind and battery storage, and the systems are examined in terms of LCOE. Different 

hybrid system combinations and corresponding LCOEs are shown in Figure 27. The 

capacity of steam power block is fixed to 50 MW and sum of all other technologies 

is fixed to 50 MW as well in each case, and after optimization the lowest LCOE for 

each case is presented. The results show that stand-alone CSP plant with thermal 

energy storage is in the higher range of LCOE. By introducing PV into the system 

the LCOE is decreased by approximately 7%. (Hlusiak et al. 2014, 3) When not 

taking into account CSP being in interest in this thesis, hybrid PV-wind-fossil and in 

the long-term hybrid PV-wind-RPM can be considered very potential options, as 

presented in (Breyer & Reiβ 2014, 1, 5) for MENA region.  
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Figure 27. Different hybrid system combinations (lower graph) and corresponding LCOEs 

(upper graph). Stars and circles in the upper graph represent cases for different priorities of 

storages. PV represents photovoltaics, SF concentrated solar power solar field, TSS thermal 

storage system, and wind represents wind energy converter and akku batteries. (Hlusiak 

2014, 3)   
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3 SOLAR COLLECTORS AND SOLAR COLLECTOR MODELLING 

There are a number of different solar collector designs based on the basic features of 

four different CSP technologies presented in Chapter 2.1. The performance definition 

and modelling of different designs vary. Some designs, general CSP collector 

modelling principles and performance definition for some specific collector designs 

are presented in this chapter. 

 

3.1 Solar collectors  

Solar collector systems, also called solar concentrators or solar reflector systems, are 

used to concentrate the solar energy incident over a large surface onto a smaller 

surface, which results in a higher concentration of solar irradiation on the absorber 

surface than on the reflector surface. The intensity of concentration is expressed as a 

concentration factor, shown in equation (1). When the concentration factor is greater 

than 10, as is generally the case for concentrated solar power systems, only the direct 

normal irradiation can be utilized; not the diffuse radiation. Reflectors are mirrors or 

lenses. Concentrating the solar irradiation is a necessary process so as to achieve 

temperatures in the absorber that can be exploited for electricity production. By 

concentrating solar irradiation, high-temperature steam can be produced and used for 

utility-scale electricity production while minimizing heat losses. The solar 

concentrator consists of a focusing device, a receiver system and a sun-tracking 

system. Concentrators are mainly classified by their sun-tracking and focusing 

arrangements and the achieved heat transfer fluid temperature. The reflector can 

work on the line focusing or point focusing basis, and track the sun on a single axis 

or on two-axes. The receiver design of the collector system varies considerably 

between different CSP technologies and inside the certain technology. In general, the 

performance of the CSP plant depends to a great extent on the solar field efficiency, 

which is determined by the reflector design, field layout, tracking system and control 

system. (Behar et al. 2013, 21; El Gharbi et al. 2011, 565; Kalogirou 2004, 240, 247-

248, 252-253; Tiwari 2002, 251-252) 
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 𝐶 =
𝐴collector

𝐴absorber
         (1) 

 

where C   is the geometric concentration ratio [-] 

 𝐴collector is the collector aperture area [m
2
] 

 𝐴absorber is the absorber aperture area [m
2
] 

 

There are several optical and thermal factors that impact the efficiency of the solar 

thermal collector. The main feature of the mirror material is its reflectivity ρ, which 

must be high. Reflectivity points out the fraction of the incident irradiation, which is 

reflected by the reflector surface. In CSP applications, only specular reflection is of 

interest as it indicates the reflected irradiation in a single direction; not in a broad 

range of directions. Another mirror feature is the intercept factor γ, which defines the 

percentage of the radiation reflected by the mirror reaching the absorber. For 

properly assembled parabolic trough collector, the intercept factor is typically 0.95. 

If the receiver structure includes a glass cover, transmittance τ is used to describe the 

irradiation loss in the glass cover of the absorber. The term describes the passing 

share of the irradiation and is typically 0.93 for parabolic trough. The absorptivity of 

the absorber selective coating α determines the absorbed energy by the steel pipe 

compared to energy reaching the steel pipe outer wall. For parabolic trough receiver 

with a cermet coating the value is typically 0.95. (Günther et al., 22-23; Romero-

Alvarez & Zarza, 24-25)   

 

An important factor effecting solar thermal collector efficiency is the incidence angle 

𝜃. The incidence angle is determined as the angle between the beam radiation and the 

normal to the collector surface, which is shown in Figure 28. (Kovacs 2012, 15) The 

collector system has a certain peak optical efficiency 𝜂0 when the incidence angle of 

the sun is 𝜃 = 0° (beam radiation perpendicular to the collector surface). The peak 

optical efficiency is defined as the ratio of the energy absorbed by the receiver to the 

beam radiation on the collector aperture. Another definition for peak optical 

efficiency is based on the optical properties of collector system explained before. 

Peak optical efficiency with an incidence angle of 0° is calculated by multiplying 

four parameters shown above, and is typically 0.70-0.76 for parabolic trough 
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collector. As for the one-axis tracking systems, i.e. for parabolic trough and linear 

Fresnel reflector, the incidence angle is not 0° all the time, the actual amount of DNI 

reached by the reflector and collector efficiency is thus less than the measured DNI 

with a perpendicular incidence angle and corresponding efficiency. The reduction in 

beam radiation collected is due to the cosine of the incidence angle. The incidence 

angle varies according to the day of the year and time of day. All together, the optical 

losses of a concentrating system consist of loss included in the peak optical 

efficiency and loss related to an incidence angle greater than 0º.  (Kalogirou 2004, 

256; Romero-Alvarez & Zarza, 24-25, 27; Stine & Geyer 2001) The yearly variation 

of incidence angle for both parabolic trough and linear Fresnel reflector is shown in 

Figure 29 based on the example cases in reference (El Gharbi, Najla et al. 2011).  

 

 

Figure 28. The definition of incidence angle as the angle between beam radiation and the 

normal to the collector surface (Kovacs 2012, 15). 
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Figure 29. Variation of incidence angle during a typical year for both parabolic trough 

reflector and linear Fresnel reflector (El Gharbi, Najla et al. 2011, 570). 

 

Also a mirror cleanliness factor 𝑓cl (i.e. soiling factor) affects the efficiency of the 

collector system. It takes into account the progressive soiling of mirrors and glass 

tubes after washing, which leads to a reduction in reflectivity, transmittance and peak 

optical efficiency. (Romero-Alvarez & Zarza, 28)   

 

Apart from the optical factors mentioned previously, the thermal properties of the 

receiver also play a significant role in collector efficiency. Factors effecting collector 

thermal performance are: beam radiation intensity, ambient temperature, inlet fluid 

temperature and receiver material and design. (Kalogirou 2004, 262) 

 

3.1.1 Parabolic trough collectors 

A parabolic trough mirror is composed of a sheet bent into a parabolic shape and 

made of reflective material. Many such sheets are installed in series forming long 

troughs. (Barlev et al. 2011, 2706) A typical aperture width for a parabolic trough 

reflector is about 6 m and the total row length is from 100 m to 150 m (Fernández-

García et al. 2010, 1696). The most common parabolic trough mirror configuration 

today is a silver-coated glass mirror; all commercial parabolic trough power plants 

utilize these materials. It has greater durability and reflectance than polished 

aluminium or metallized acrylic mirrors, which are also available on the market. 

Typical reflectivity for a clean silvered glass mirror is 0.93, and after washing the 

mirror its reflectivity starts to decrease. The mirror has a multi-layer structure; the 

http://www.scopus.com/authid/detail.url?origin=AuthorProfile&authorId=35781507600&zone=
http://www.scopus.com/authid/detail.url?origin=AuthorProfile&authorId=35781507600&zone=
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first layer under the glass is the reflective silver coating layer; the third layer is a 

protective copper layer and under those are three varnish layers. The total thickness 

of the mirror is from 4 to 5 mm. This configuration is shown in Figure 30. Because 

mirrors account for a considerable part of the solar field investment costs, new and 

less expensive alternative materials are continuously under research. (Günther et al., 

22-24; Romero-Alvarez & Zarza, 20, 24)   

 

 

Figure 30. Multi-layered structure of parabolic trough mirror (Günther et al., 24).   

 

The receiver of a PT collector is typically a black metal pipe, which is encased in a 

glass pipe. The metal tube often has a selective coating enabling high solar 

absorbance and low thermal emittance (reducing radiative thermal losses), as the 

glass tube is typically coated with transmissivity featuring an antireflective coating. 

A vacuum is typically applied in the space between the glass pipe surface and the 

metal pipe in order to minimize convective thermal losses, and thus to boost the 

collector efficiency. (Barlev et al. 2011, 2706; Lovegrove & Stein 2012, 473) At 

lower working temperatures below 250 °C non-vacuum receiver tubes can be used, 

because thermal losses do not play as important a role at these temperatures. As the 

maximum length of single receiver is less than 6 m due to manufacturing constraints, 

a number of single receiver pipes are welded in series to reach the total length of the 
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collector. The typical value for the outer diameter of absorber tubes used currently is 

70 mm (Wirz et al. 2014, 401). Figure 31 shows the design of a typical vacuum 

receiver. Nowadays, only the German Schott company and the Israeli SOLEL 

manufacture PTC absorber tubes with a vacuum. (Romero-Alvarez & Zarza, 19) 

Table 6 gives the detailed parameters of Schott’s 2008 PTR70 receiver.  

 

 

Figure 31. Typical vacuum receiver for a parabolic trough collector. Flexible expansion 

joints to compensate different expansions of glass and steel are shown for both PTC vacuum 

receiver manufacturers; Schott and SOLEL. (Romero-Alvarez & Zarza, 20)  

 

Table 6. Parameters of Schott’s 2008 PTR70 receiver design (Burkholder & Kutscher 2009, 

4, 23, 27; Schott Solar). 

Schott 2008 PTR70  

  HCE length 4.08 m 

absorber outer diameter 70 mm 

absorber inner diameter 66 mm 

glass envelope outer diameter 125 mm 

optical efficiency 75 % 

glass transmittance 96 % 

absorber absorptance 96 % 
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Currently in large parabolic trough power plants, deployed collector designs are the 

LS-3 collector by Luz and the EuroTrough ET-100 collector. Both designs have a 

total collector length of 100 m and a width of 5.76 m, and utilize vacuum receivers; 

the main difference between these two designs is their steel structure. Figure 32 

shows the parameters of the ET-100 collector. (Romero-Alvarez & Zarza, 20) Each 

ET-100 collector includes 24 SOLEL’s absorber tubes (three per each module) and 

224 glass facets. The mirror reflectivity is stated to be 94%. (Geyer et al. 2002, 2)  

 

 

Figure 32. Parameters of EuroTrough parabolic trough collector (Romero-Alvarez & Zarza, 

21). 

 

3.1.2 Linear Fresnel collectors 

Unlike parabolic trough, linear Fresnel collector has a fixed receiver, where an array 

of linear mirror strips concentrate irradiation. The mirrors are flat or slightly curved. 

In traditional linear Fresnel reflector technology, adjacent mirrors are non-

interleaved. In compact linear Fresnel reflector technology (CLFR), adjacent linear 

mirrors are interleaved, and the orientation of adjacent mirrors is partly alternated 

from left to right, and thus the distance between mirrors can be designed to be quite 

small before shading and blocking losses occurs. In a large-scale linear Fresnel-based 

CSP plant, there are many absorber towers, and an individual reflector has an option 

of directing irradiation to at least two towers. In the traditional LFR model, the 
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distance between adjacent mirrors is larger in order to avoid shading and blocking 

losses. (Barlev et al. 2011, 2711; Kalogirou 2004, 250-251; Pye 2008, 7) The basic 

configuration of a traditional linear Fresnel reflector field and compact linear Fresnel 

reflector field is shown in Figures 33 and 34. 

 

 

Figure 33. Configuration of a traditional linear Fresnel solar field (Kalogirou 2004, 250). 

 

 

Figure 34. Configuration of a compact linear Fresnel solar field (Kalogirou 2004, 251). 

 

Both the reflector and receiver configuration of linear Fresnel system as well as the 

steam parameters achieved vary between systems and companies, but generally 

speaking the system configuration is simpler than that of parabolic trough system 

(Günther, 23). As a detailed design of linear Fresnel collectors is still in progress, 

detailed information of the design and system behaviour is partly hard to find (Eck et 

al. 2011, 43). Most information about the current technology status can be found 

from large market players, who all have their own technology for reflectors and 

receivers. Today, Areva Solar, Novatec Solar, Solar Power Group (SPG, formerly 
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Solarmundo) and Industrial Solar represent significant technology developers and 

producers. (Lovegrove & Stein 2012, 154)    

 

Parallel loops of linear Fresnel solar field include a receiver and rows of mirrors. 

Rows of collector system consist of reflector modules, which in turn can include 

several single reflectors. This configuration is shown in Figure 35. Important 

parameters of the collector are the width of the reflector, the total width of the 

complete collector, the number of parallel reflector rows, the space between the 

reflector rows, the curvature of the reflector and the height of the absorber above the 

reflectors. It has been shown in simulations that a collector system with absorber 

tube having diameter of 7.5 cm, the mirror having width of 0.5 m and the receiver 

being 7.5 m above the mirrors is the most cost-efficient when having 35 rows of 

mirrors. From the point of view of the absorber tube height, the most cost-efficient 

height when having a collector consisting of 34 parallel rows with a width of 0.5 m is 

between 8 and 11 metres. (Günther, 13-14)  

 

 

Figure 35. Basic configuration of a linear Fresnel reflector solar field having several parallel 

loops, which consist of mirror rows and reflector modules (Wagner 2012, 2). 

 

Reflector and module size differ by company, and all the information is seldom 

available. Areva Solar has chosen a large reflector unit size of 36 m
2
, as Solar Power 

Group uses about nine times smaller unit modules. Also, collector row sizes differ 
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considerably. Areva’s current field length is either 384 m or 400m (at Kimberlina in 

Bakersfield, California) depending on the reference used, Novatec Solar’s collector 

length can be up to 986 m, and SPG’s collector length is much shorter, 100 m. 

Areva’s collector row size appears still to be growing with each improvement, as the 

array sizes of other companies have mostly remained unchanged. This may be caused 

by receiver size and elevation limitations set by the utilization of single evacuated 

tubes together with secondary reflector. (Lovegrove & Stein 2012, 189) Table 7 

gives data about different companies’ current collector and field dimensions; the 

definition for module varies according to company. Areva Solar’s data represents 

mainly the Kimberlina SSG4 plant, Novatec Solar’s data NOVA-1 technology, 

SPG’s data Solarmundo type collector and Industrial Solar’s data its basic module 

configuration for the LF-11 collector.     

 

Table 7. Collector and solar field dimensions for most significant LFR producers and 

developers (Conlon et al. 2011, 1; Häberle et al. 2002, 1; Industrial Solar; Lovegrove & Stein 

2012, 168, 170-171, 177, 189; Novatec Solar b). The module dimensions between companies 

are not directly comparable, as the definition for module varies according to case. Receiver 

height is expressed as the height above the primary reflector level.  

 

Areva 

Solar 

Novatec 

Solar SPG 

Industrial 

Solar 

 reflector width 2.25 0.717 0.50 0.50 m 

module length 16.0 44.8 - 4.06 m 

module aperture area 36.0 513.6 - 22 m
2
 

collector width 29.25 16.56 24.0 7.5 m 

collector length 384/400 224-985.6 100 32.5-65.0 m 

modules per row 24 5-22 - 8-16 - 

reflector rows per line 13 16 48 11 - 

total aperture area 11,232 18,490 2,400 357.5 m
2
 

reflector area per lineal 

metre of receiver 29.25 12.0 24.0 5.5 m
2
 

receiver height - 7.4 - 4.0 m 
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The optical performance of LFR systems is limited by the incidence angle, i.e. the 

angle at which solar irradiation faces the reflector. Usually the irradiation is not 

perpendicular to the reflector, as the reflector must be oriented so that it reflects the 

coming irradiation to the receiver. The loss caused by incidence angle is the primary 

optical loss for a linear Fresnel collector. (Wagner 2012, 1) Collector manufacturers 

usually provide some information related to parameters effecting LFR optical 

efficiency, typically at least peak optical efficiency and reflectance of their products. 

Table 8 shows these values by collector manufacturers or certain products. As can be 

seen, peak optical efficiency tends to be over 60% and reflectance over 90%. In 

(Lubkoll 2011, 30) the shading loss is assumed to be 4% also for the linear Fresnel 

technology, which leads to a shading efficiency 𝜂shading = 0.96, as used in reference 

(Burkholder & Kutscher 2009, 27) for the Schott 2008 PTR70 evacuated tube 

receiver in a parabolic trough plant. A typical value for mirror cleanliness factor is 

around 𝑓cl = 0.97, which is equivalent to a mirror reflectivity of 0.90 for a mirror 

having nominal reflectivity of 0.93 (Romero-Alvarez & Zarza, 28).  

 

Table 8. Properties of some linear Fresnel solar collector systems. The Solarmundo collector 

is SPG’s product and the LF-11 collector Industrial Solar’s product. The LF-11 collector 

utilizes a Schott PTR70 evacuated tube receiver. All the collectors include a secondary 

reflector. (Bachelier 2013, Häberle et al. 2001, 963; Häberle et al. 2002, 15; Industrial Solar) 

The peak optical efficiency of the Solarmundo collector varies between references.  

  

Novatec 

Solar 

Solarmundo 

collector 

LF-11 

collector 

 peak optical efficiency, non-vacuum 𝜂o 67 61/63 - % 

peak optical efficiency, vacuum 𝜂o 64.7 - 63.5 % 

reflectance of primary reflector 𝜌 - 92 95 % 

reflectance of secondary reflector 𝜌 - 95 - % 

transmittance of glass pane/tube 𝜏 - 95 - % 

absorptance of absorber tube 𝛼 - 94 95 % 

 

The absorber tubes of the CSP system have an enormous impact on the total 

performance of the collector system (Okafor et al. 2014, 381). The absorber tubes of 

the linear Fresnel system are simpler than those of parabolic trough as most of them 
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do not use vacuum insulation. As linear Fresnel systems are designed to be operated 

as direct steam generators (DSG), they operate under higher pressures than parabolic 

trough systems. Thus, the receiver needs to have better pressure tolerance. (Günther, 

23, 25) The linear Fresnel receivers used currently represent either single tube or 

multi-tube receivers (Lovegrove & Stein 2012, 490). Both receiver types are shown 

in Figure 36. As linear Fresnel reflector does not have a sharp line focus like 

parabolic trough, small diameter single tubes cannot be used as receivers as for 

parabolic trough (Ramaswamy et al. 2012, 26). Typically, the diameter of a single 

tube varies from 7.5 cm to 18 cm (Montes et al. 2014, 2). The receivers in Figure 36 

are called cavity receivers, as they include a secondary reflector, which not only 

improves the concentration ratio but also provides insulation to the absorber. The 

single tube absorber is mounted inside the compound parabolic cavity and is thus 

called a compound parabolic collector (CPC), as a multi-tube receiver configuration 

prefers a trapezoidal cavity. The multi-tube receiver is covered with a transparent 

glass pane, which reduces convective heat losses and protects the absorber. The back 

of the cavity works as insulation to reduce conduction heat losses. A single tube 

absorber can be protected with a glass tube, or the bottom of the cavity can be 

covered with a transparent glass pane. The glass tube can be evacuated, which 

configuration was originally developed for a parabolic trough absorber, or non-

evacuated, having an air stable coating. (Heimsath et al. 2014, 388; Häberle et al. 

2002, 2; Okafor et. al 2014, 383) In linear Fresnel technology, there is a great deal of 

discussion on whether it is profitable to use an evacuated tube configuration or not. 

Evacuated tube receiver has the lowest heat loss rate, but they are less optically 

efficient. Cavity receiver is efficient for a working temperature of about 200 ºC, has a 

simple structure and is less expensive. The question is, does linear Fresnel receiver 

even require evacuated tube type solutions, when the temperature range often seems 

to remain below 370 ºC in the preheater and boiler part of the system. (Lin et al. 

2014, 51; Lovegrove & Stein 2012, 188-189) In (Morin et al. 2011) it is stated that 

the use of vacuum receivers can improve LFR plant economics when operated at 

temperatures above 400 ºC (Morin et al. 2011, 1). Figure 37 shows two LFR 

receivers with single tube and secondary reflector configuration, one having a glass 

tube which can be evacuated, and one without glass tube, but having a glass pane. 

Whether the system has a secondary reflector or not depends on the system design 
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and producer. In the case of the Fresnel system with only a primary reflector, it is not 

possible to continuously reach the same irradiation concentration as with a parabolic 

trough system, and the intercept factor remains lower. With the secondary reflector, 

the intercept factor can be increased without increasing the absorber diameter. 

A larger absorber tube would mean higher thermal losses. (Günther, 21-22) Apart 

from the conventional single tube cavity receivers, evacuated tube receivers also 

require the secondary reflector (Lubkoll 2011, 3).  

 

 

Figure 36. Two receiver designs for linear Fresnel reflector; a) single tube cavity 

receiver/compound parabolic collector, b) multi-tube trapezoidal cavity receiver (Lovegrove 

& Stein 2012, 490). 

 

 

Figure 37. Cavity receiver with a glass pane on the bottom of the receiver (left) and cavity 

receiver with a covering glass tube (right). The absorber with glass tube can either be 

evacuated or non-evacuated with an air stable coating. (Heimsath et al. 2014, 388) 
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Areva Solar uses a trapezoidal multi-tube receiver configuration, where the parallel 

tubes are separated allowing thermal expansion between tubes at different 

temperatures. This configuration is shown in Figure 38. The transparent glass pane at 

the bottom of the receiver and stagnant air layer between the tube bundle and glass 

cover reduces convective heat losses. The number of tubes can vary, but for example 

in one prototype solar field the absorber consisted of 16 parallel pipes. The pipes are 

DN 25 pipes meaning an outer diameter of 33.4 mm, made of 304 stainless steel. At 

least at Liddell power plant’s Stage 1 and Stage 2, the total absorber width is 575 mm 

meaning 2.71 mm space between each parallel absorber tube. On the Kimberlina 

SSG4 line, the absorber width is smaller, 545 mm, and only three carbon steel 

absorber tubes with outer diameter of 60.325 mm are set in parallel. The design is a 

two-pass configuration in a North-South axis, and the eastern and western parts of 

the loops are symmetrical. A multi-tube receiver has the advantage that the absorber 

area is large enough so that a secondary reflector is not as important a part of the 

system. In Areva’s linear Fresnel systems secondary reflectors are not used, partly to 

avoid losses in optical efficiency in absorption, and partly to avoid high heat loads on 

the reflector surfaces. As a secondary reflector is not used, the absorber has an 

insulation layer to prevent convective heat losses. (Conlon et al. 2011, 2-3; Günther, 

22; Lovegrove & Stein 2012, 163-165, 168; Standard Pipe Sizes, 2) 

 

 

Figure 38. Areva’s inverted cavity receiver with a transparent glass cover. Modified from 

(Lovegrove & Stein 2012, 164). 
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In linear Fresnel technology, a vacuum insulation for receiver tube is not needed with 

saturated steam temperature levels if a secondary reflector is used, as this serves as a 

thermal insulator. Novatec Solar uses a parabolic mirror as a secondary reflector and 

one single absorber tube as a receiver with a glass pane below the tube in order to 

reduce convective heat loss. The focal point of the mirror lies inside the absorber 

tube. The secondary reflector has a width of 300 mm and the absorber a diameter of 

70 mm. (Günther, 21-23) The upper side of the receiver is insulated with 60 mm 

fibre glass wool. Primary reflectors are glass with silver coating with a thickness of 

3 mm. (Novatec Biosol) Novatec Solar’s receiver configuration for its Nova-1 

saturated steam generating technology is shown in Figure 39.  

 

 

Figure 39. Novatec Solar’s single-tube receiver configuration with parabola shaped 

secondary reflector and glass pane (Günther, 22).  

 

Apart from Novatec Solar, Solar Power Group uses a single tube absorber 

configuration with a secondary reflector. For example, their Fresdemo pilot collector 

utilizes one absorber tube with an outer diameter of 140 mm and an inner diameter of 

approximately 125 mm. (Lovegrove & Stein 2012, 170-171) SPG (Solarmundo at 

that time) previously had another prototype plant, which used non-selectively coated 

absorber tubes with an inner diameter of 180 mm. This Solarmundo collector is 

shown in Figure 40. Modular Fresnel reflectors concentrate solar irradiation onto a 
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stationary receiver, which is situated several metres above the reflectors. Above the 

receiver is situated a second stage reflector. (Häberle et al. 2002, 4)  

 

 

Figure 40. Basic configuration of the Solarmundo linear Fresnel reflector (Häberle et al. 

2002, 1).   

 

Industrial Solar has developed the LF-11 collector, which utilizes a single tube 

Schott evacuated tube receiver with an outer diameter of 70 mm, PTR70 (Lovegrove 

& Stein 2012, 174). Novatec Solar has developed a new SuperNova system utilizing 

these vacuum-insulated Schott receiver tubes in superheating section of the field in 

order to achieve higher temperatures (450 ºC) than previously and higher efficiencies 

(Novatec Solar 2010; Günther, 25, 36). This SuperNova receiver configuration for 

superheated steam highly differs from Areva’s receiver solution shown earlier, which 

has also recently been deployed for superheated steam production (Conlon et al. 

2011, 1).  

 

The absorber tube diameter has an effect on heat loss and optical efficiency. With the 

receiver having a smaller diameter, heat losses can be reduced, but the optical 

efficiency suffers from that. Figure 41 shows the effect of changing the absorber tube 

diameter on optical efficiency as a function of incidence angle, when the Fresdemo 

design is utilized. The receiver outer diameter was reduced from 14 cm to 7 cm and 

correspondingly all the other receiver dimensions were reduced by a factor of 0.50. 
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The reduced secondary concentrator is 30 cm wide, and the receiver height remains 

at 8 m and reflector aperture width at 15 m. With these parameters it reminds 

Novatec Solar’s collector. As can be seen in Figure 41, with a smaller receiver, 

a larger fraction of irradiation bypasses the receiver. (Morin et al. 2012 a, 10)  

 

 

Figure 41. Optical efficiency of a linear Fresnel reflector based on the Fresdemo design as a 

function of absorber tube outer diameter and incidence angle (Morin et al. 2012 a, 10).  

 

In (Eck et al. 2011) thermal loads are investigated in linear Fresnel absorber tubes in 

the case of an absorber tube having diameter of 15 cm. The results of a study based 

on assumptions made for a worst case scenario are shown in Figure 42 also giving an 

image of achieved temperature levels in different sections of the solar field. The 

study showed that the highest thermal load appears in the superheating section. The 

overheating of the absorber tube can be prevented by defocusing mirror facets. (Eck 

et al. 2011, 43, 46-47)  
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Figure 42. Heat transfer coefficient α, average fluid temperature Tfluid, minimum and 

maximum absorber temperature Tmin and Tmax and circumferential temperature difference ΔT 

in a linear Fresnel collector investigated with worst case scenario assumptions. Values give 

an expression of temperature levels applied in different collector sections. The preheater 

outlet temperature 140 ºC is water saturation temperature at 60 bar. The steam quality after 

evaporator is 85%. (Eck et al 2011, 46) 

 

3.1.3 Solar tower collectors 

The solar field of the central receiver consists of several tracking mirrors, called 

heliostats, which each has a reflective surface area from 50 m
2
 to 150 m

2
. Each 

heliostat includes a mirror, a frame, a structure foundation, a tracking system and a 

control system. The form of the mirror is paraboloid, and it is constructed of metal 

and glass. Each heliostat tracks the sun individually by placing its surface normal to 

the bisection of the angle between the sun’s rays and the reflection to the receiver. 

The height of the solar tower is typically about 75-150 m. Figure 43 shows the basic 

design of a single heliostat and one option for the power plant layout. The plant 

layout in terms of the placement of heliostats has several configuration options. 

Close to the equator, the surrounded field layout is the best option in term of 

minimizing the cosine loss, as in the areas north of the equator North field facing 

south is better option. One of the most commonly used solar tower field layouts is a 

so-called radial staggered pattern. Optical efficiency of the heliostat field describes 

its performance and depends mainly on the cosine effect, shading effect, blocking 

effect, mirror reflectivity, atmospheric attenuation and receiver spillage. Performance 

development and solar field design optimization play an important role as 40% of the 
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plant’s total energy losses are related to the solar field. (Barlev et al. 2011, 2707; 

Behar et al. 2013, 21; Kalogirou 2004, 252; Romero-Alvarez & Zarza, 52-55, 58) 

 

 

Figure 43. Single heliostat design and one option for the heliostat field layout (Behar et al. 

2013, 21). 

 

An important aspect in central receiver power plant design is heliostat material 

selection. The mirrors must have high reflectivity and stiffness, and be light-weight, 

easily cleaned and corrosion-resistant. Large heliostats need to be made from stiff 

material to withstand wind torques. Cost reduction in heliostats can be achieved in 

drive costs by increasing the single heliostat aperture, though this increases wind 

torques. (Barlev et al. 2011, 2710) 

 

An advantage of using a single receiver is the large amount of radiation focused there 

(200-1,000 kW/m
2
), which minimizes heat losses and makes heat transport and 

storage requirements simpler (Barlev et al. 2011, 2707). Solar tower receivers can be 

classified into several groups according to their absorber materials and geometric 

configuration. Receiver technology selection depends on operating temperature, heat 

storage system and thermodynamic cycle in the plant design. In a volumetric 

receiver, porous wires are used as a receiver material and this acts as a convective 

heat exchanger. Typically, air is used as heat transfer fluid, which greatly reduces 

capital investment costs. Air outlet temperatures up to 850 °C can be achieved with 

metal absorbers and temperatures over 1,000 °C with ceramic fibres, foams or 

monoliths. The irradiated side of the receiver should be at a lower temperature than 
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the HTF leaving the receiver. In the cavity receiver, the reflected irradiation enters an 

aperture into a box-like structure including a heat transfer surface. The solar particle 

receiver is a more rarely used receiver than the other two ones. Solid particles are 

used as heat transfer fluid and no separate heat exchanger is needed. In tubular 

receiver, heat transfer occurs through a metal or ceramic wall. This receiver type has 

been used with steam, sodium and molten salt for temperatures up to 500-600 °C. 

With gas, temperatures from 800 °C to 900 °C are possible. (Barlev et al. 2011, 

2709; Behar et al. 2013, 17, 26-29; Romero-Alvarez & Zarza, 62)  

 

A tubular receiver can be designed to be a once-through receiver with separate 

preheat, evaporation and superheating units. This kind of receiver was tested in the 

Solar One power plant (tested 1982-1988) in the USA, directly providing steam at 

516 °C and 100 bar. The absorber was designed to produce 14.1 kg/s steam at 516 

ºC. The receiver was made up of 24 0.9 m wide and 13.7 m high rectangular panels. 

The preheater consisted of six panels and the rest were for boiler and superheating 

sections. The diameter of the absorber was 7 m. Thermal efficiency of the system 

was 82% with absorptivity of 97% for absorber power of 34 MW. Thermal losses 

were almost constant; 4.5-5 MW. During testing, problems with overheating and 

deformation occurred in the superheating section caused by solar transients and poor 

heat transfer. Solar One was later converted to the Solar Two power plant (tested 

1996-1999). In this a molten salt tubular receiver heating HTF from a temperature of 

290 °C to 565 °C was tested. The 42 MW absorber was formed of a 6.2 m high 

cylinder with a diameter of 5.1 m, including 768 tubes with a diameter of 2 cm. The 

thermal efficiency for absorber power of 34 MW without wind was 88%. Solar Two 

still represents the technical reference for molten salt tubular receiver. (Kalogirou 

2004, 288; Romero-Alvarez & Zarza, 63-65)    

 

One example of a cavity receiver configuration is shown in Figure 44. This receiver 

design is applied in the Dahan solar tower power plant in China. The receiver has 

5 ∙ 5 m
2
 aperture to allow solar irradiation to pass into the cavity in order to heat the 

working fluid. The receiver is symmetrical in a left-right direction. The tilt angle of 

the receiver is 25° from the horizontal. The receiver consists of a steam drum, 

evaporation panels, superheating panels and a cavity body. The evaporator consists 
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of seven parallel panels, which are linked together with a header. The panels are 

located on the side walls and rear wall of the receiver as shown in Figure 44. The 

rear panel has 48 tubes with an external diameter of 32 mm and a thickness of 3 mm. 

Each side panel has 28 tubes with the same dimensions as the rear tubes. The tubes 

are connected together with flat steel by welding. The superheater consists of four U-

shaped panels, two on both side walls connected in series. Each superheater panel 

includes eight tubes with an external diameter of 24 mm and a thickness of 2 mm. 

There is a gap between the tubes to allow solar flux to the evaporator panels to avoid 

burn outs in the superheater tubes. That is why the superheater panels are also 

located on the innermost sidewalls, as shown in the figure. (Yu et al. 2012 b, 166-

167) 

           

 

Figure 44. Design of the cavity receiver in the Dahan solar tower power plant in China 

(Yu et al. 2012 b, 167). 

 

The PS10 (Plant Solar 11 MWe, in operation since 2007) in Spain produces directly 

saturated steam in the cavity receiver with steam parameters of 250 ºC and 40 bar. 

The system has 624,121 m
2
 heliostats formed in the North field configuration and 

a 90 m high tower. The cavity receiver includes four 4.8∙12 m
2
 tubular panels. Figure 

45 summarizes the optical and thermal efficiency of the collector system and power 

block efficiency, which together lead to a nominal efficiency of 21.7% at design 

point. The problems related to the controllability of steam superheating section in 

superheated steam-producing ST plants were overcome by producing saturated 

steam, though resulting in lower steam parameters. PS10 is the first solar tower plant 

developed for commercial use. (Romero-Alvarez & Zarza, 75-76)   
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Figure 45. PS10 solar plant’s optical, thermal and power block efficiencies at design point 

and annually. Receiver losses can be divided into reflexion (2.0%), radiation (2.0%), 

convection (3.0%) and conduction loss (1.2%). (Romero-Alvarez & Zarza, 77-78) 

 

During the research into volumetric air receivers, it has been shown that they are able 

to produce air at temperatures of 1,000 ºC and upwards. Gaseous HTFs allow for 

significantly higher receiver outlet temperatures, but as a disadvantage also require 

higher operating pressures in some designs. A technology called PHOEBUS has 

been developed and within that hot air has been produced at a temperature of 700 ºC 

by utilizing a metal wire mesh receiver. Steam at 480-540 ºC and 35-140 bar can 

then be generated in the steam generator. During the development of the PS10 power 

plant, a conceptual design was performed to analyse the potential use of the 

PHOEBUS design (i.e. volumetric air receiver) in a 10 MW commercial CSP plant. 

The results presently offer the most reliable information about using an open-air 

volumetric receiver for electricity generation. In the study, the receiver inlet 

temperature was 110 ºC and outlet temperature 680 ºC. Steam at 460 ºC and 65 bar 

with a mass flow of 10.73 kg/s was produced. Figure 46 shows a comparison 

between using air and water/saturated steam as HTF in another study. It can clearly 

be seen that the use of a low-temperature receiver and saturated steam leads to a 

much higher thermal efficiency at nominal load. Although open-air volumetric 

receivers are able to produce superheated steam, thermal efficiency must be 

improved. Mostly, this development need can be directed to a reduction in radiation 

losses, as now all the benefits gained from high outlet temperatures are lost due to 

radiation losses. (Kalogirou 2004, 288; Romero-Alvarez & Zarza, 75, 81-82) 
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Figure 46. Comparison of heat losses and thermal efficiency of an air volumetric receiver 

and a saturated steam cavity receiver (Romero-Alvarez & Zarza, 75).  

 

In the study in (Rinaldi et al. 2014) the performance of two solar tower power plants 

are presented and modelled, the previously mentioned PS10 and a newer Gemasolar 

plant, also located in Spain. The Gemasolar plant has been in operation since 2011 

and is designed with a power of 20 MWe. The plant deploys an external cylindrical 

receiver and uses molten salt as HTF. The receiver height is reported to be 16 m and 

diameter 8 m. Table 9 shows the main geometrical and optical assumptions for the 

heliostat field and receiver for both plants. In the study, optical efficiency is 

calculated for both plants as presented in the table. (Rinaldi et al. 2014, 1492-1494, 

1499) 

 

Table 9. Main geometrical and optical assumptions for the PS10’s and Gemasolar’s solar 

field and receiver, and optical efficiency for both plants as a result of the study. (Rinaldi et 

al. 2014, 1493-1494).  

 

PS10 Gemasolar 

 number of heliostats in the field 624 2,650 - 

field shape North surrounded - 

heliostat width 12.84 11 m 

heliostat height 9.45 10 m 

heliostat curvature spherical spherical - 

reflectivity 0.88 0.93 - 

receiver elevation 93.2 116 m 

tower height 107.7 134 m 

tower diameter 18 8 m 

nominal optical efficiency 74.87 66.34 % 

annual optical efficiency 66.10 58.31 % 
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3.1.4 Parabolic dish collectors 

A good state-of-the-art example of parabolic dish collector is the EuroDish prototype 

deploying a Stirling engine and tested in the Plataforma Solar de Almería in Spain. 

The collector design is shown in Figure 47, and technical data is given in Table 10. 

The concentrator is made from 12 fiberglass resin segments. The 8.4 kWe PD unit 

requires dish with diameter of 8.5 m. Generally with current technology status the 

parabolic dish diameter varies between 5.5-10 m for unit capacities from 5 kWe to 

25 kWe, respectively. The mirrors themselves are 0.8 mm thick glass mirrors having 

a reflectivity of around 94%. (Bergermann; Romero-Alvarez & Zarza, 86-87) 

 

 

Figure 47. EuroDish collector with all subsystems (Bergermann). 
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Table 10. Technical information about the EuroDish solar collector deploying a Stirling 

engine (Bergermann). 

EuroDish 

  concentrator 

  diameter 8.5 m 

projected area 56.7 m
2
 

focal length 4.5 m 

average concentration factor 2,500 - 

reflectivity 94 % 

tracking and control 

  max wind velocity during operation 65 km/h 

drive servo motor - 

drive velocity 60 °/min 

Stirling engine 

  type single acting, 90° V-engine - 

swept volume 160 cm
3
 

gross power output 9 kW 

net power output 8.4 kW 

receiver gas temperature 650 °C 

working gas helium - 

gas pressure 20-150 bar 

power control pressure control - 

 

Parabolic dish applies high temperature levels, which strongly influences the 

efficiency gained. The efficiency is penalized by radiation losses in the receiver due 

to high temperatures. To minimize losses, a cavity receiver is the optimum solution 

for the receiver design. In the power conversion unit either direct or indirect heating 

for engine working fluid can be applied. (Romero-Alvarez & Zarza, 87) There are 

two different basic designs for power conversion in the parabolic dish system: HTF 

system connecting several parabolic dish modules to central electricity generating 

system, and a power conversion system located at the focal point of each individual 

dish. The latter is more favourable, though it lacks thermal storage capabilities, but it 

can be run by a fossil fuel back-up system during periods without sunshine. Energy is 

provided in the form of electricity rather than as heated fluid. The former option 

needs piping and pumping systems, and suffers from thermal losses during transport. 

(Barlev et al. 2011, 2713; Kalogirou 2004, 251) In the EuroDish design, the working 

fluid, helium, is directly heated in the receiver to a temperature of about 650 ºC 

(Bergermann).  
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3.1.5 Comparison of different collectors 

The optical performance of the parabolic trough collector is better than that of the 

linear Fresnel reflector, and heat losses of the PTC using a vacuum receiver are lower 

than of LFR with a non-vacuum receiver, which also leads to a better overall 

performance of the PTC at certain solar irradiation conditions. Figure 48 shows the 

thermal efficiency of PT and LFR collectors both applying vacuum receivers. In 

(Morin et al. 2012 a) it is shown that the cost of a LFR collector with a vacuum tube 

receiver can be 24 €/m
2
 higher than for a LFR collector with a non-vacuum receiver 

because of the reduced heat losses. It is stated that, under the used assumptions (the 

field outlet temperature is 411 °C), the vacuum receiver would be profitable from the 

efficiency point of view. In (Morin et al. 2012 a) it is concluded that, depending on 

the assumptions on optical and thermal performance and O&M costs, the investment 

cost of LFR field can range between 78-216 €/m
2
 (28-79%) of PT field cost) to reach 

the break even cost at PT reference cost (275 €/m
2
). (Feldhoff 2012 a, 22, 27; Morin 

et al. 2012 a, 7, 11)  

 

 

Figure 48. Thermal performance comparison between a parabolic trough collector and a 

linear Fresnel receiver, both with a vacuum receiver at different DNI conditions (Feldhoff 

2012 a, 27). 
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Although overall performance of parabolic trough collectors is better, linear Fresnel 

technology offers a good option for parabolic trough technology, as it has lower land 

requirements, a simpler design and lower investment cost due to less expensive 

mirrors and tracking system and a more rapid assembly of the collector systems. 

(Cau & Cocco 2014, 102; Feldhoff 2012 a, 60) LFR design is cheaper than PTC 

design due to the flat and elastic nature of the mirrors and the receiver simplicity, as 

it does not have to be supported by the tracking device (Barlev et al. 2011, 2711). 

LFR also has better wind resistance and can reach higher operation pressures due to 

DSG (Serrano & Roldán 2014, 7). All the existing LFR plants utilize water/steam as 

HTF. The main drawback of using DSG is the lack of large scale storage options and 

its uncontrollability in transient conditions. (Montes et al. 2014, 2) A detailed case-

specific economic analysis is required to show whether the cost reduction related to 

LFR technology compensates for the lower performance or not (Giostri et al. 

2011, 9).   

 

In (Giostri et al. 2011) yearly solar-to-electricity efficiency is compared between 

parabolic trough and linear Fresnel technology. The study shows that a LFR-based 

system affected both by transversal and longitudinal incidence angle has smoother 

optical efficiency behaviour than the PTC, while the presence of only a longitudinal 

incidence angle leads to less smooth optical behaviour for the PTC; longitudinal 

IAM has maximum values during the day at 10 and 16 hours. PTC technology has a 

higher optical efficiency than LFR technology, and the study suggests that this gap is 

wider during partial load conditions. The production gap between the PTC and LFR 

increases during high incidence angles, particularly in the first and last hours of 

daylight. (Giostri et al. 2011, 7-9) 

 

In the study in (Rinaldi et al. 2014), two solar tower power plants, the previously 

presented PS10 power plant with DSG of saturated steam and the Gemasolar plant 

using molten salt as HTF, have been compared to two commercial reference CSP 

plants based on line focusing collectors. Gemasolar, with higher temperature levels, 

is compared to a parabolic trough plant, and PS10, with lower temperature levels of 

saturated steam, is compared to a linear Fresnel reflector plant. In the study, it is 

shown that solar tower technology has a more constant optical performance during 
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the year and the day than line focusing technologies. The study reveals a higher 

overall energy performance for solar tower technology explained by greater thermal 

efficiency related to the higher concentration ratio, greater power block efficiency 

related to a higher temperature level of the thermodynamic cycle and lower thermal 

losses related to reduced piping needs. (Rinaldi et al. 2014, 1492, 1498) 

 

3.2 Solar collector system modelling 

Solar field modelling is important in order to evaluate solar energy production and 

the capability for plant integration. In particular, yearly and daily variation in 

production must be known. Optical modelling of a CSP system can be complex, as it 

requires detailed information about the reflector geometry, error distribution and 

receiver dimensions. A less complex way is to use optical properties and correlations 

as a function of the solar position provided by system manufacturers. There is a 

diversity of receiver configurations with different geometrics depending on the CSP 

technology, steam outlet conditions, performance requirements and manufacturer, 

and thus a single heat loss model for an absorber cannot be used. The heat loss can 

be calculated either by applying heat transfer principles or by utilizing temperature 

difference-dependent heat loss correlations provided by manufacturers and 

researchers. (Wagner 2012, 1, 3; Wagner & Zhu 2012, 5) Different metrics used 

between companies sometimes makes the heat loss comparison of different systems 

and correlations challenging. Also, optical and global efficiency equations vary 

between references, as which efficiency terms are already included in incidence 

angle modifiers varies. Generally, in many calculations the term absorber 

temperature is used, which is assumed to be the average between absorber inlet and 

outlet temperature, as local temperature difference means the difference between 

average steam temperature and ambient temperature. (Lubkoll 2011, 30; Wagner 

2012, 4; Wagner & Zhu 2012, 5).  
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Modelling solar collector system depends on the concentrated solar power 

technology and system configuration chosen. Some general calculation principles 

and equations are presented at the beginning of this chapter, though some 

technology-related aspects must be taken into account when calculating specific 

model design. Later in this chapter, modelling procedures and modelling parameters 

for some specific CSP technologies are presented.   

 

Sunlight consists of direct Ib and indirect radiation Id. The direct radiation DNI 

(direct normal irradiation or beam radiation) is the part of solar radiation propagating 

along the line joining the receiving surface and the sun. The indirect radiation 

(diffuse radiation) is the part of the total solar radiation scattered by aerosols, dust 

and molecules having no unique direction. The total radiation I (global radiation, 

GHI) is the sum of the previously mentioned radiations, as presented in equation (2). 

The direct component can represent up to 90% of the total radiation on sunny days, 

but decreases to a negligible amount on cloudy days. Unlike photovoltaics, 

concentrated solar power technology-based systems can utilize only the direct 

normal irradiation of the sun, not the indirect component. (IEA-ETSAP & IRENA 

2013, 5; Tiwari 2002, 12) DNI is measured in W/m
2
 surface area (Lubkoll 2011, 35). 

 

 𝐼 = 𝐼b + 𝐼d                    (2) 

 

where I  is the global radiation [W/m
2
] 

 𝐼b  is the beam radiation [W/m
2
] 

 𝐼d  is the diffuse radiation [W/m
2
] 

 

Not all beam radiation can be transferred into thermal energy in an absorber, as it 

undergoes a series of losses before that, as shown in Figure 49. The losses include 

optical losses, geometrical losses and thermal losses (Romero-Alvarez & Zarza, 24). 
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Figure 49. Diagram of energy losses and efficiencies in a typical concentrated solar 

collector. Collector efficiency is marked as global efficiency 𝜂global, and it consists of peak 

optical efficiency 𝜂opt,0°, incidence angle modifier 𝐾(𝜑) and thermal efficiency  𝜂th. Losses 

corresponding to those efficiencies are optical losses accounted for by the peak optical 

efficiency 𝑃Q,opt (φ=0°), losses due the incidence angle greater than zero  𝑃Q,opt (φ>0°) and 

thermal losses at the absorber 𝑃Q,collector→ambient. (Romero-Alvarez & Zarza, 28)  

 

A part of the beam radiation on the solar reflector is lost due to the optical losses. 

The peak optical efficiency 𝜂0 considers all optical losses that occur, when the 

incidence angle is 𝜃 = 0° including mirror reflectivity, glass tube transmittance, 

absorptivity of the absorber and intercept factor. The definition of peak optical 

efficiency is shown in equation (3). Usually the peak optical efficiency is presented 

by the manufacturer. (Romero-Alvarez & Zarza, 27; Lin et al. 2014, 54)  

 

𝜂0 =
𝑄absorbed

𝐼b∙𝐴
= 𝜌 ∙ 𝜏 ∙ 𝛼 ∙ 𝛾                  (3) 

 

where 𝜂0  is the peak optical efficiency with incidence angle of 0° [-] 

 𝑄absorbed is the absorbed irradiation [W] 

 𝐼b  is the beam radiation on the reflector surface [W/m
2
] 

A  is the reflector surface area [m
2
]
 

 𝜌  is the mirror reflectivity [-] 

 𝜏  is the glass tube transmittance [-]   

 𝛼  is the absorptivity of the absorber selective coating [-] 

 𝛾  is the intercept factor [-] 
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Another fraction of beam radiation apart from optical losses accounted for by the 

peak optical efficiency is lost due to an incidence angle greater than 0°; 𝜃 > 0°. In 

the case of line focussing CSP technologies the usable solar irradiation is defined by 

correcting the measured DNI by an incidence angle modifier IAM, which considers 

all optical and geometrical losses caused by incidence angle greater than 0° (i.e. other 

than the perpendicular) relative to the collector, such as the cosine effect, shading, 

blocking, optical properties variation, end loss and intercept factor variation (see 

figure 49). (Bachelier; Lin et al. 2014, 54; Romero-Alvarez & Zarza, 27) The 

incidence angle modifier is defined as the optical efficiency at the given incidence 

angle divided by the peak optical efficiency (Kovacs 2012, 16). The IAM is usually 

given by a polynomial equation, and it depends on the incidence angle and reflector 

configuration (Romero-Alvarez & Zarza, 27). The incidence angle modifier changes 

significantly with only a minor change in angle (Fischer et al. 2013, 4). The 

incidence angle definition of the LFR collector is more complicated than that of the 

PT collector. In the case of the LFR collector, two equations are formed; for 

transversal (perpendicular to the axis of the collector) and longitudinal directions 

(parallel with the axis of the collector) as shown in equation (4). In the case of the PT 

collector, the equation includes only the longitudinal direction. (Bachelier 2013; 

Giostri et al. 2011, 5-6; Lubkoll 2011, 36; Wagner 2012, 1) In literature there is 

presented several equations for modifiers both in general forms and for certain 

collectors.  

   

𝐾(𝜃) = 𝐾⊥(𝜃⊥) ∙ 𝐾i(𝜃i)                      (4) 

 

where 𝐾(𝜃)  is the incidence angle modifier [-] 

 𝐾⊥(𝜃⊥) is the transversal incidence angle modifier [-] 

 𝐾i(𝜃i)  is the longitudinal incidence angle modifier [-] 

𝜃⊥ is the transversal angle i.e. angle between zenith and 

projection of straight line to the sun into the transversal 

plane [º] 

𝜃i is the incidence angle i.e. angle between straight line to the sun 

and section line of intersection between incidence plane and 

transversal plane [º]  
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Cosine loss included in IAM is caused by a reduced reflecting area and consequently 

a reduced concentration ratio.  The usable irradiation also depends on the geometry 

of the system by mean of the shading effect. Some part of the reflecting aperture gets 

shaded by the neighbouring reflectors. In the cases of the linear Fresnel reflector and 

parabolic trough reflector, the shading is effected by latitude of the place, day of the 

year, time of the day, length and width of reflector row aperture, spacing between 

adjacent reflector rows and orientation of the reflector axis. In the case of the linear 

Fresnel reflector, additional parameters are the height of the receiver and number of 

reflector rows. As the hourly calculation of shading efficiency 𝜂shading is complex, in 

many cases yearly average values have been used. In general, the monthly shading 

effect is less significant for North-South oriented solar fields than for East-West 

oriented solar fields. The shading effect between adjacent collector systems is not 

typically included in the IAM, as is the shading effect between adjacent reflectors. In 

the case of the linear Fresnel reflector, another phenomenon related to above-

mentioned parameters is known as blocking 𝜂blocking. In blocking, some part of the 

reflected rays gets blocked by adjacent reflectors. Apart from shading, also end loss 

𝜂end loss caused by the collector geometry must be considered for both line focussing 

technologies. End loss occurs at the ends of a linear concentrating collector, as some 

length L of the absorber tube does not get illuminated by solar irradiation reflected 

by mirrors, as irradiation is reflected beyond the end of the absorber. (Bachelier; 

Fischer 2013, 12; Lovegrove & Stein 2012, 33; Sharma 2014, 233-234) 

 

After taking into account losses considered in the incidence angle modifier and 

possible losses extracted from the IAM, the real optical efficiency of the collector 

𝜂opt can be expressed as in equation (5), and after considering the mirror cleanliness 

factor 𝑓cl, the real usable irradiation into the receiver 𝐼usable can be expressed as in 

equation (6) (Bachelier 2013; Lubkoll 2011, 35-37). The equation of 𝜂opt can vary 

between technologies and equations as regards what terms are already included in the 

incidence angle modifier, if it is even used. 
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 𝜂opt = 𝜂0 ∙ 𝐾(𝜃) ∙ 𝜂extracted               (5)   

 

where 𝜂opt  is the optical efficiency [-] 

 𝜂extracted is the optical losses extracted from IAM [-] 

 

 𝐼usable = 𝐴 ∙ 𝐼b ∙ 𝜂opt ∙ 𝑓cl                        (6) 

 

where 𝐼usable  is the usable irradiation after optical and shading losses [W]  

 𝐴  is the cumulated aperture area of mirrors [m
2
] 

𝐼b  is the beam radiation on the reflector surface [W/m
2
] 

𝑓cl  is the cleanliness factor [-] 

 

Also, in the case of the solar tower system, optical losses caused by incidence angle 

must be taken into account when determining the optical efficiency. In some 

references, it is stated that in point focusing technologies beam radiation corresponds 

to the real irradiation arriving on the reflector i.e. no cosine losses occur, as in some 

references also the cosine loss is taken into account when determining the optical 

efficiency of the collector. When considering also the cosine loss, losses determining 

optical efficiency are cosine loss 𝜂cos, loss related to mirror reflectivity 𝜂reflect, loss 

related to receiver absorptivity 𝜂absorp, shading loss 𝜂shading, blocking loss 𝜂blocking, 

atmospheric attenuation loss 𝜂attenuation and spillage loss 𝜂spillage. Shading loss 

takes into account shadowing onto the mirrors behind a certain mirror and receiver 

tower shadowing. Attenuation loss means losses related to atmospheric attenuation of 

the radiation between the heliostats and the receiver. Spillage loss occurs when not 

all the reflected irradiation hits the receiver. (Rinaldi et al. 2014, 1493) The optical 

efficiency of the collector is calculated according to equation (5) ignoring the 

incidence angle modifier.     

 

The final efficiency of the collector, called global efficiency 𝜂global, can be defined 

either as a ratio of power output to incidence solar irradiation, or by taking into 

account mirror cleanliness factor 𝑓cl and thermal losses 𝑞loss of the absorber besides 

the optical efficiency, as shown in equation (7). Thermal power 𝑃th after taking these 
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factors into account can be expressed as in equation (8), and this depends on reflector 

area, DNI, optical efficiency and heat losses. Heat transfer losses in the absorber 

include conductive, convective and radiation losses. Heat losses can be calculated 

either based on heat transfer principles-based equations or with temperature-

dependent equations provided for certain collector systems, including several 

constants defined by solar collector providers and the literature. (Bachelier 2013; Lin 

et al. 2014, 57; Lubkoll 2011, 80) Generally speaking, the overall temperature-

dependent heat loss coefficient increases as the absorber tube temperature increases, 

and this has effects on thermal efficiency too. Heat losses are inversely proportional 

to the concentration ratio. Another factor affecting thermal efficiency of the absorber 

is beam radiation. (Kalogirou 2004, 262-263; Singh et al. 2010, 544, 546-547) Often, 

heat loss can be seen expressed for collector length or aperture, although it is a 

receiver characteristic (Feldhoff 2012 a, 18). 

 

 𝜂global = 𝜂opt ∙ 𝑓cl ∙ 𝜂th =
𝑞𝑚∙𝑐p∙(𝑇out−𝑇in)

𝐼b∙𝐴
                (7) 

 

where 𝜂global  is the collector efficiency [-] 

 𝜂th  is the thermal efficiency of the receiver [-] 

 𝑞𝑚  is the heat transfer fluid mass flow [kg/s] 

 𝑐p  is the specific heat capacity of the heat transfer fluid [kJ/kg∙K] 

 𝑇out  is the heat transfer fluid temperature at the absorber outlet 

[°C], [K]   

𝑇in is the heat transfer fluid temperature at the absorber inlet 

[°C], [K] 

 

 𝑃th = 𝐴 ∙ (𝐼b ∙ 𝑓cl ∙ 𝜂opt − 𝑞loss) = 𝑞𝑚 ∙ 𝑐p ∙ (𝑇out − 𝑇in)   (8) 

 

where 𝑃th  is the collector thermal power [W] 

 𝑞loss  is the thermal loss of the absorber [W/m
2
]  

 

(Jie et al.) has studied the effect of the mass flow rate 𝑞𝑚 and absorber tube length l 

on collector thermal power 𝑃th and thermal efficiency 𝜂th in a parabolic trough plant 
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with DSG. The study shows that, by reducing the mass flow rate of the heat transfer 

fluid, the outlet temperature is increased, which can also be noticed in equation (8). 

That also slightly reduces thermal efficiency. An increase in absorber tube length is 

shown to increase both HTF outlet temperature and thermal efficiency. (Jie et al. 

750, 752-753) (Birnbaum et al. 2011) studies steam temperature stability in DSG line 

focusing systems under transient conditions and concluded, that steam mass flow rate 

is primarily linked to the irradiance conditions in the evaporation section, while 

steam temperature is mainly linked to the superheating section (Birnbaum et al. 

2011, 663). These principles can be applied to LFR collectors as well.      

 

According to standard EN 12975 related to the performance, durability and reliability 

testing of solar collectors, tracking concentrating systems including linear Fresnel, 

parabolic trough and dish type collector can be tested as stated in the standard. The 

standard includes two generically different methods to determine the thermal 

performance of solar collector: steady state method (SS) and quasi dynamic test 

method (QDT). In the standard, the output per square metre of primary reflector area 

according to QDT is expressed as in equation (9). (Kovacs 2012, 44, 56-57) In the 

equation 𝐹`(𝜏 ∙ 𝛼)en equals peak optical efficiency of the reflector (Fischer et al. 

2013, 4).  

   

 𝑃th = 𝐴 ∙ (𝐹`(𝜏 ∙ 𝛼)en ∙ 𝐾𝜃b(𝜃) ∙ 𝐺b + 𝐹`(𝜏 ∙ 𝛼)en ∙ 𝐾𝜃d(𝜃) ∙ 𝐺d     

 

              net beam irradiation                  net diffusive irradiation               

                    into absorber                                into absorber        

            

−𝑐6 ∙ 𝑢 ∙ 𝐺∗ − 𝑐1 ∙ (𝑡m − 𝑡a) − 𝑐2 ∙ (𝑡m − 𝑡a)2 − 𝑐3 ∙ 𝑢 ∙ (𝑡m − 𝑡a)  

 

              zero loss efficiency-dependent      temperature-dependent                 wind speed-dependent 

       heat loss from absorber           heat loss from absorber               heat loss from absorber 

 

+𝑐4 ∙ (𝐸L − 𝜎 ∙ 𝑡a
4)                   − 𝑐5 ∙

𝑑𝑡m

𝑑𝑡
)               (9) 

 

                    long wave irradiation-dependent    effective heat capacity-dependent 

                            heat loss from absorber                   heat loss from absorber 
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where 𝐴  is the primary reflector area [m
2
]   

 𝐹`(𝜏 ∙ 𝛼)en is the peak optical efficiency 𝜂0 [-] 

 𝐾𝜃b(𝜃)  is the incidence angle modifier for direct irradiation [-] 

 𝐺b  is the direct normal irradiation [W/m
2
]  

 𝐾𝜃d(𝜃)  is the incidence angle modifier for diffuse irradiation [-] 

 𝐺d  is the diffuse irradiation [W/m
2
] 

 𝑐6  is the wind speed-dependent zero loss efficiency [s/m] 

 u  is the wind speed [m/s] 

 𝐺∗  is the hemispherical solar irradiance [W/m
2
] 

 𝑐1  is the heat loss coefficient [W/m
2∙K] 

 𝑡m  is the fluid mean temperature [°C], [K] 

 𝑡a  is the ambient temperature [°C], [K] 

 𝑐2  is the temperature-dependent heat loss coefficient [W/m
2∙K2

] 

 𝑐3  is the wind speed-dependent heat loss coefficient [J/m
3∙K]   

𝑐4 is the long wave irradiation/sky temperature-dependent heat 

loss coefficient [W/m
2∙K]  

 𝐸L  is the long wave irradiance [W/m
2
] 

 𝜎  is the Stefan-Boltzmann constant [5.6704∙10
-8

 W/m
2∙K4

] 

 𝑐5  is the effective heat capacity of the collector [J/m
2
K] 

 
𝑑𝑡m

𝑑𝑡
  is the time derivative of the mean fluid temperature  

[ºC/s], [K/s] 

 

In the case of concentrating solar power system, the term 𝐹`(𝜏 ∙ 𝛼)en ∙ 𝐾𝜃d(𝜃) ∙ 𝐺d 

can be neglected in equation (9) as diffuse irradiation presents a negligible 

contribution to collector thermal power when using system with high concentration 

ratio (Horta & Osório 2014, 100). Later in this chapter shown heat loss equations for 

certain collectors are based on the standard equation using terms including heat loss 

coefficients c1 and c2, terms including coefficients c3-c6 being zero. For vacuum 

receivers, it is recommended to use a term including c1 and an additional term 

including the coefficient and temperature difference to the power of four (Feldhoff 

2012 a, 18). In the case of evacuated tube collectors and collectors with a transparent 

cover, wind speed u can be neglected (Fischer et al. 2013, 68). Also in (Forristall 
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2003), it is stated that vacuum tube absorbers are affected only a little by wind, but 

wind has more influence when the vacuum is lost (Forristall 2003, 68). Parameters c4 

and c6 are in practice significant only in the case of unglazed collectors (Kovacs 

2012, 62-63). After taking into account the above explained conditions, the equation 

(9) can be expressed as in equation (10), which actually represents collector output 

based on the steady state method of standard EN 12975. The quasi dynamic model 

derives from the steady state model as some correction terms are added which allow 

a more detailed description of the collector. The two methods have been compared, 

for example, in (Osório & Carvalho 2014), and a good agreement between the test 

results has been found. (Osório & Carvalho 2014, 73)        

  

𝑃th = 𝐴 ∙ (𝜂0 ∙ 𝐺b ∙ 𝐾𝜃b(𝜃) − 𝑐1 ∙ (𝑡m − 𝑡a) − 𝑐2 ∙ (𝑡m − 𝑡a)2)           (10)

   

          net beam irradiation            heat loss from absorber  

                  into absorber 

 

The solar field is started up and shut down on a daily basis, which makes its start-up 

time an important factor influencing the profitability of the plant (Henrion & 

Tregubow 2011, 146). An essential point to be considered in plant operations is the 

cooling down of the solar field at night and required energy in the morning for start-

up to reach the regular operational state. In (Lubkoll 2011), it is stated, that 

approximately the first hour of solar irradiation in the morning is fully used to 

preheat the LFR power plant, when using only solar energy for the start-up of the 

solar field (Lubkoll 2011, 42). The same trend can be seen in (Selig 2009, 12-13). In 

the yearly solar-to-electricity efficiency study in (Giostri et al. 2011), a 30 minute 

ramp is considered for hot start-up and a 60 minute ramp for cold start-up. Hot start-

up is considered for shut downs of less than 24 hours. (Giostri et al. 2011, 7) In the 

study in (Hirsch & Eck) a start-up time of 55 minutes is reached with a solar-only 

mode for a parabolic trough collector and a start-up time of 44 minutes, when 

applying pre-heating. The start-up considers reaching a steam temperature of 400 ºC. 

(Hirsch & Eck, 141). In (Fang et al. 2013) the start-up procedure of a solar tower 

cavity receiver is studied by applying three different start-ups: cold start-up from 90 

°C, warm start-up from 150 °C and hot start-up from 220 °C (Fang et al. 2013, 40). 
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In plant start-up consideration, the general approach is to define the energy required 

for the plant start-up after night-time losses in the solar field. Start-up energy is 

determined based on the heat capacities of the receiver and HTF, and the temperature 

difference between the initial and operational state. The initial state in the morning is 

calculated from the operational state and heat losses during cool down at night. (Eck 

et al., 7) The warmer the collector loop in the morning, the shorter the start-up time. 

Heat losses over night can be reduced by improving the receiver insulation. Start-up 

times can be reduced by storing hot water in tanks overnight and using that for solar 

field heating. (Eck et al. 2003, 347) As a parabolic trough evacuated tube receiver is 

rotationally symmetrical, its heat losses can easily be modelled by using heat transfer 

principles. The linear Fresnel reflector has more complex receiver geometry, and for 

that reason thermal performance models tend to use computationally intensive CFD 

analyses or a simplified set of polynomial curves. (Wagner 2012, 4)        

 

Temperature evolution during the night can be studied with the equation (11). After 

considering the energy received from the sun as zero and integrating the equation 

(11), equation (12) for time dependent temperature 𝑇(𝑡) is given. (Schlaifer 2012, 

69)  

  

𝑚 ∙ 𝑐p ∙
𝑑𝑇

𝑑𝑡
= �̇�sun − �̇�losses = �̇�sun −

1

𝑅th
∙ (𝑇 − 𝑇0)            (11) 

 

where 𝑚  is the HTF mass flow [kg/s] 

 𝑐p  is the specific heat capacity [kJ/kg∙K] 

 
𝑑𝑇

𝑑𝑡
  is the time derivative of the fluid temperature [ºC/s], [K/s] 

 �̇�sun  is the energy from the sun [kJ] 

 �̇�losses  is the energy losses [kJ] 

 𝑅th  is the absolute heat resistance [m
2∙K/W] 

 𝑇  is the fluid temperature [ºC], [K] 

 𝑇0  is the initial temperature [ºC], [K] 
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𝑇(𝑡) = 𝑇a + (𝑇0 − 𝑇a) ∙ exp (−
𝑡

𝑚∙𝑐p∙𝑅th
)              (12) 

 

where 𝑇(𝑡)  is the time dependent temperature [ºC], [K] 

 𝑇a  is the ambient temperature [ºC], [K] 

 

The complexity of the above presented determination for field temperature in the 

morning is the determination of heat resistance 𝑅th for the complex geometry of a 

cavity receiver. A simpler way to calculate the state of the field in the morning is to 

apply polynomial temperature-dependent heat loss curves also for the night-time heat 

loss calculation, if such is available.    

 

3.2.1 Parabolic trough collector modelling 

The incidence angle modifier of a parabolic trough collector includes only the 

longitudinal loss component, which corresponds to the one of the linear Fresnel 

collector. The PTC does not have the transversal component of the IAM, but of 

course, shading occurs between parallel collectors, and the loss caused by this can be 

taken into account separately. (Morin et al. 2012 a, 6) In equation (13) a term is used 

called the global parameter for the EuroTrough collector, and it includes cosine 

effect, IAM, end losses, absorber support shading and intercept factor (Giostri et al. 

2011, 6). The peak optical efficiency of EuroTrough collector is 𝜂0 = 0.80 (Geyer et 

al. 2001, 8). Global parameter for EuroTrough collector as a function of the 

incidence angle is shown in Figure 50 calculated by equation (13).  

 

 𝐾(𝜃) = cos(𝜃) − 5,251 ∙ 10−4 ∙ 𝜃 − 2,8596 ∙ 10−5 ∙ 𝜃2            (13) 

 

where 𝜃  is the incidence angle [º] 
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Figure 50. Global parameter 𝐾(𝜃) for the EuroTrough solar collector as a function of the 

incidence angle calculated according to equation (13). 

 

Row shading efficiency for a single PT collector can be calculated as in equation 

(14), if it is not included in the global parameter.  

 

 𝜂shading =
𝐴eff

𝐴
= min [max (0; 

𝐿spacing

𝐴
∙

cos(𝜃Z)

cos(𝜃)
) ; 1]            (14) 

 

where 𝐴eff  is the illuminated aperture area [m
2
] 

 A  is the total aperture area [m
2
] 

 Lspacing  is the spacing length between rows [m] 

 𝜃𝑍  is the solar zenith angle [º] 

 𝜃  is the incidence angle [º] 

 

The optical efficiency of a PT collector is calculated as in equation (5). According to 

(Giostri et al. 2011), row shading efficiency is not included in the global parameter, 

and it is substituted to equation separately, as shown in equation (15).  

 

 𝜂opt = 𝜂0 ∙ 𝐾(𝜃) ∙ 𝜂shading                           (15) 
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Thermal output Pth for PTC is calculated according to equations (8) and (10). 

Thermal losses for the EuroTrough collector are almost identical than for the LS-2 

collector, as they both deploy the same SOLEL’s heat collection element as absorber, 

which leads to similar thermal efficiency for both collectors. (Geyer et al. 2002, 4) 

Thermal loss coefficients 𝑐1 and 𝑐2 included in equation (10) are the followings for 

the LS-2 collector deploying vacuum annulus and cermet coating (Dudley et al. 

1994, 13). Global efficiency 𝜂global can be calculated as in equation (7) as a ratio of 

thermal output and beam radiation. The results are shown in Figure 51 as a function 

of local temperature difference and incidence angle, when it is assumed that beam 

radiation is 𝐼b = 900 W/m2. 

 

 𝑐1 = (0.00007276 ∙ 𝐼b + 0.00496)W/m2 

 𝑐2 = 0.000691 W/m2        

 

 

Figure 51. Global efficiency of EuroTrough collector as a function of local temperature 

difference and incidence angle, when it is assumed that beam radiation is 𝐼b = 900 W/m2, 

shading efficiency is 𝜂shading = 0.95, mirror cleanliness is 𝑓cl = 0.97 and ambient 

temperature is 𝑇a = 40 °C. 
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3.2.2 Linear Fresnel collector modelling 

Peak optical efficiency of the LFR is typically provided by the manufacturer (see 

Figures 53 and 54). Loss occurs in solar irradiation due to an incidence angle greater 

than 𝜃 = 0°, and this loss occurs both with respect to the transversal and longitudinal 

plane (Wagner 2012, 1). These angles are shown in Figure 52 in the case of the linear 

Fresnel system. There are different polynomial equations and graphs provided by the 

manufacturers to calculate incidence angle modifiers for both directions (𝐾⊥(𝜃⊥) and 

𝐾i(𝜃i)) to correct the influence of the incidence and transversal angles on the optical 

efficiency of the collector (Lubkoll 2011, 36). Transversal IAM is mainly affected by 

the arrangement of reflectors in the solar field and the level of blocking effect of 

adjacent reflectors. The shape of the trend between 0º and 45º is typically irregular 

due to shading of secondary reflector over primary reflectors reducing mirror 

aperture area. Longitudinal IAM is basically determined by the glass pane aperture of 

the secondary reflector. (Giostri 2011, 6-7; Häberle et al. 2002, 5) In the case of LFR 

collector, IAM includes cosine effect, primary reflectors mutual blocking and 

shading, secondary reflector and support shading, optical properties variation and 

intercept factor modification (Giostri et al. 2011, 6). Sometimes also tail end loss is 

included (Lin et al. 2014, 54). 
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Figure 52. Angles associated with optical performance of the linear Fresnel system; 

transversal incidence angle 𝜙T, longitudinal incidence angle 𝜙L, solar zenith 𝜃Z and solar 

azimuth 𝛾S (Wagner 2012, 1). As the longitudinal incidence angle is parallel to the collector 

axis, 𝜙L = 90° equals the collector axis (Lubkoll 2011, 36). 

 

Figure 53 provides information about incidence angle modifiers provided by Novatec 

Solar for the company’s Nova-1 linear Fresnel collector and Figure 54 for 

SuperNova collector. The definitions for transversal angle 𝜃⊥ describing the optical 

behaviour of the collector in a transversal direction and incidence angle 𝜃i describing 

the optical behaviour in a longitudinal direction are determined as in equations (16) 

and (17) (Selig, 5). Novatec Solar’s reference plants are at least Puerto Errado 1 and 

Puerto Errado 2 in Spain and the Liddell Power Station in Australia (Novatec 

Solar a). Based on values of incidence angle modifiers for certain incidence and 

transversal angles in Figures 53 and 54, it is possible to create polynomial equations 

for incidence angle modifiers as a function of incidence angle and transversal angle. 
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Novatec Solar’s incidence angle modifiers include end losses, receiver shading, inter 

mirror shading and blocking. Shading between adjacent collectors is not included, 

but it can usually be neglected, since this shading effect is relatively small and occurs 

only at dawn and sunset. According to Novatec Solar, the optical efficiency 𝜂opt and 

total thermal output 𝑃th are calculated as in equations (5) and (8). (Bachelier 2013; 

Bachelier; Enriquez). 

 

 

Figure 53. Table showing incidence angle modifiers both for Novatec Solar’s Nova-1 and 

SuperNova LFR collectors and graph showing incidence angle modifiers for Nova-1 

collector as a function of incidence angle (Bachelier 2013; Novatec Solar b).    

 

 

Figure 54. Table showing incidence angle modifiers for Novatec Solar’s SuperNova LFR 

collector as a function of incidence angle. Collector based on SuperNova technology deploys 

vacuum receiver. (Novatec Solar e) 
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 𝜃⊥ = arctan(|sin(𝛾 − 𝜔)|tan(𝜃Z))                (16) 

  

 𝜃i = arcsin(cos(𝛾 − 𝜔)sin(𝜃Z))                (17) 

 

where 𝛾  is the azimuth angle [º] 

𝜔 is the orientation of the solar boiler (deviation of solar boiler 

axis from ideal North-South arrangement) [º]   

 𝜃Z  is the zenith angle [º]   

 

Novatec Solar gives the heat loss of their receivers expressed for the primary 

reflector aperture in the form of the following equation (18) for Nova-1 technology. 

The ambient temperature is stated to be 40 ºC under reference conditions, and the 

fluid input temperature is typically 100 ºC and output temperature 270 ºC. 

(Lovegrove & Stein 2012, 182; Novatec Solar b) In the other references the company 

gives the heat loss both per primary reflector length and area both for non-vacuum 

and vacuum receivers expressed with the common equation (19). The constants 𝑢0-

𝑢3 are expressed in Table 11. The ambient temperature of 40 ºC, evaporator inlet 

temperature of 100 ºC, evaporator outlet temperature and superheater inlet 

temperature of 300 ºC and superheater outlet temperature of 500 ºC represent 

reference conditions in SuperNova technology. (Bachelier 2013; Novatec Solar e) 

The heat loss per primary reflector area can be calculated by dividing the heat loss 

per primary reflector length by the reflector aperture width (Bachelier). Novatec 

Solar’s Nova-1 concept utilizes non-vacuum receivers, as their SuperNova concept 

offering higher steam parameters utilizes vacuum receivers in the superheating 

section (Novatec Solar c). 
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 𝑞loss = 𝜇0 ∙ ∆𝑇 + 𝜇1∆𝑇2                (18) 

 

where 𝑞loss  is the specific heat loss of the absorber tube per primary 

   reflector area [W/m
2
] 

 𝜇0  is 0.056 W/m2∙K  

 𝜇1  is 0.000213 W/m2∙K 

 ∆𝑇  is the temperature difference between the ambient and fluid  

   output temperature [ºC], [K]   

 

 𝑞loss = 𝑢0 ∙ ∆𝑇 + 𝑢1 ∙ ∆𝑇2 + 𝑢2 ∙ ∆𝑇3 + 𝑢3 ∙ ∆𝑇4             (19) 

 

where 𝑞loss  is the specific heat loss of the absorber tube per primary 

   reflector length/area [W/m], [W/m
2
] 

 𝑢0-𝑢3  are heat loss coefficients [W/m∙K
n
], [W/m

2
∙K

n
] 

 ∆𝑇  is the local temperature difference [ºC], [K]   

 

Table 11. Peak optical efficiency and heat transfer coefficients for both non-vacuum and 

vacuum LFR collectors of Novatec Solar expressed per collector length (W/m∙ Kn) and 

primary reflector area (W/m2 ∙ Kn) (Bachelier 2013; Novatec Solar e).  

collector type non-vacuum vacuum unit 

peak optical efficiency 𝜂0 67 64.7 % 

u0 0.671 0.15 W/m∙K 

u1 0.00256 0 W/m∙K2
 

u2 0 0 W/m∙K3
 

u3 0 7.5∙ 10−9 W/m∙K4
 

u0 0.056 0.013 W/m
2∙K 

u1 0.000213 0 W/m
2∙K2

 

u2 0 0 W/m
2∙K3

 

u3 0 6.25∙ 10−10 W/m
2∙K4

 

 

In reference (Giostri et al. 2011, 7) equation (20) is given to determine the optical 

efficiency of Novatec Solar’s non-vacuum collector. As can be seen, the equation 

includes a separate term for tail end loss 𝜂end loss (21), which is not included 
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separately in the optical efficiency equation provided by Novatec Solar. The distance 

of the primary mirrors from the absorber tube equals the focal length of the mirror 

(Günther, 16, 22). For Novatec Solar’s Nova-1 concept the distance is 7,4 m (Giostri 

et al. 2011, 2; Novatec Solar b). 

 

 𝜂opt = 𝜂0 ∙ 𝐾(𝜃) ∙ 𝜂end loss                    (20) 

 

 𝜂end loss = 1 − tan(𝜃l) ∙
𝐷pm

𝐿abs
                           (21) 

 

where 𝜃l  is the longitudinal incidence angle [º] 

 𝐷pm  is the distance of primary mirrors from absorber tube [m] 

 𝐿abs  is the absorber length [m] 

 

Just as for the Novatec Solar’s collectors, graphs have also been released for the 

SPG’s Solarmundo collector for incidence angle modifiers and correlation for 

temperature-dependent heat loss coefficient, as well as also for thermal efficiency of 

the absorber tube. Figure 55 shows the incidence angle modifiers as a function of 

incidence angle. For those is already presented polynomial equations (22) and (23) in 

(Lubkoll 2011, 79). Those equations do not include cosine losses of the normal beam 

radiation, as does the graph. Equations including cosine loss can be produced 

according to the graph in Figure 55. It is remarkable that transversal IAM achieves 

relatively high values at high incidence angles, which can be explained by the 

reduced loss in solar irradiation into gaps between mirrors and by reduced blocking 

between adjacent mirrors (Häberle et all. 2002, 5). The temperature-dependent heat 

loss coefficient u per unit of absorber aperture area taking into account all heat 

transfer mechanisms is shown in equation (24) and absorber tube thermal efficiency 

𝜂th in equation (25) in turn. It is notable that the thermal efficiency is suitable for 

situations where the sun is in zenith, i.e. 𝜃 = 0°. In other situations, incidence angle 

modifiers must be applied. Peak optical efficiency is stated to be 61% or 63% 

depending on the reference. (Häberle et al. 2001, 963-964; Häberle et al. 2002, 7-8; 

Lubkoll 2011, 37) 
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Figure 55. Transversal and longitudinal incidence angle modifiers as a function of incidence 

angle for SPG’s Solarmundo LFR collector (Häberle et al. 2001, 963). 

 

 𝐾⊥(𝜃⊥) = 35.402 ∙ 10−9 ∙ 𝜃t
4 − 71.500 ∙ 10−7 ∙ 𝜃t

3 + 43.514 ∙ 10−5𝜃t
2 − 

   39.096 ∙ 10−4 ∙ 𝜃t + 99.961 ∙ 10−2             (22) 

 

𝐾i(𝜃i) =  −33.123 ∙ 10−7 ∙ 𝜃l
3 + 16.257 ∙ 10−5 ∙ 𝜃l

2 − 29.233 ∙ 10−4 ∙ 𝜃l +   

   1.0071                 (23) 

 

𝑢 = 2.306 ∙ 10−4 + 3.785 ∙ 10−4 ∙ (𝑇abs − 𝑇a)             (24)   

 

where u  is the temperature-dependent heat loss coefficient per primary 

   reflector area [W/m
2
∙K] 

 Tabs  is the absorber tube mean temperature [ºC], [K]   

 Ta   is the ambient temperature [ºC], [K]    

 

𝜂th = 𝜂0 − 𝑢 ∙
𝑇abs−𝑇a

𝐼b
                 (25) 

 

where 𝜂0  is the peak optical efficiency [-] 

 𝐼b  is the beam radiation [W/m
2
]  
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As can be seen from equation (25), the thermal efficiency changes are basically 

affected by changes in absorber mean temperature 𝑇abs and beam radiation 𝐼b, if 

peak optical efficiency and ambient temperature are assumed to be constant. The 

relation is shown in Figure 56, where absorber tube thermal efficiency is presented as 

a function of absorber mean temperature and beam radiation (𝑇a = 30 ° C and 

𝜂0 = 61%). Thermal efficiency decreases when absorber temperature increases and 

beam radiation decreases. There is a minor reduction in efficiency under higher beam 

radiation conditions than under lower conditions. In Figure 57 is a comparable 

situation between two different peak optical efficiency values, 𝜂0 = 0.61 and 

𝜂0 = 0.63, when DNI is 800 W/m
2
.     

 

 

Figure 56. Thermal efficiency curves for the Solarmundo LFR collector as a function of 

absorber mean temperature and DNI, when ambient temperature is 𝑇a = 30 ° C and peak 

optical efficiency is 𝜂0 = 61%.  
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Figure 57. Thermal efficiency curves for the Solarmundo LFR collector as a function of 

absorber mean temperature and two different peak optical efficiencies, when DNI is 

800 W/m
2
. 

 

Industrial Solar gives both transversal and longitudinal incidence angle modifiers for 

its LF-11 vacuum tube collector as shown in Figure 58. For thermal loss is given the 

temperature-dependent heat loss coefficient 𝑢1 = 0,00043 W/m
2
∙K expressed per 

primary reflector area, when ambient temperature is 30 ºC and maximum operating 

temperature is 400 ºC. Collector thermal efficiency as a function of local temperature 

difference and DNI is shown in Figure 59. When comparing thermal efficiency 

curves of the Solarmundo collector (Figures 56 and 57) and the LF-11 collector, 

slightly better values for the LF-11 collector can be observed. This can be explained 

by the use of a vacuum tube receiver in the LF-11 collector. 
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Figure 58. A graph and a table showing incidence angle modifiers for Industrial Solar’s 

vacuum tube type LFR collector as a function of incidence angle (Industrial Solar). 

 

 

Figure 59. Collector thermal efficiency curves for Industrial Solar’s LF-11 vacuum tube 

LFR collector as a function of local temperature difference and DNI (Industrial Solar). 

 

In reference (Lin et al. 2014, 54), the incidence angle modifier presented in equation 

(26) was proposed for a triangular cavity receiver. 

 



113 

 

  

 𝐾(𝜃) = cos𝜃 − 0.03072 ∙ 𝜃 + 0.0003631 ∙ 𝜃2             (26) 

 

Areva Solar has not released thermal loss information on their linear Fresnel systems, 

but an evaluation of 49.7 W/m
2
 expressed for the reflector area for their new 

superheated steam at 370 ºC (described in Conlon et al. 2011) producing system has 

been made. This loss represents 5.2% of the total evaluated solar irradiation. 

Equation (27) is developed by the Fraunhofer ISE and calculates the loss for SPG’s 

Fresdemo plant. The ambient temperature always depends on the plant location, but 

it is likely to be around 20-30 ºC. Thermal energy loss for Fresdemo at 300 ºC is 

stated to be about 850 W/m and about 57 W/m
2
 expressed for the reflector. The 

values are higher than other reflector manufacturers’, which is explained by a higher 

optical concentration on Novatec Solar’s receiver and Industrial Solar’s low loss 

evacuated tube receiver. (Lovegrove & Stein 2012, 171-172, 182-184)  

 

 𝑞loss = 0.011635 ∙ ∆𝑇2                (27) 

 

where 𝑞loss  is the thermal energy loss per absorber tube area [W/m
2
] 

∆𝑇 is the temperature difference between the ambient and fluid 

output temperature [ºC], [K]    

 

3.2.3 Solar tower collector modelling  

Since heliostats follow the sun by a two-axis tracking system, no correction for the 

incidence angle is needed and so no incidence angle modifier is made. In (Zhang et 

al. 2013) it is stated that a commonly used heliostat field efficiency is 48-50% 

including mirror reflectivity, optical efficiency, heliostat corrosion avoidance and 

cleanliness. (Zhang et al. 2013, 479) The optical efficiency 𝜂opt of a solar tower 

collector is calculated as in equation (28) by substituting all losses occurring to the 

equation (5). A smaller heliostat field tends to lead to higher cosine, attenuation and 

spillage efficiency than a larger field area. Also, the orientation of the solar field 

affects the cosine loss; for example, a North field configuration is preferable 

compared to circular field in terms of cosine loss. (Rinaldi et al. 2014, 1493, 1498)  
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𝜂opt = 𝜂cos ∙ 𝜂reflect ∙ 𝜂absorpt ∙ 𝜂shading ∙ 𝜂blocking ∙ 𝜂attenuation ∙ 𝜂spillage 

          (28) 

where 𝜂cos  is the cosine efficiency [-] 

 𝜂reflect  is the mirror reflection efficiency [-] 

 𝜂absorpt is the receiver absorption efficiency [-] 

 𝜂shading is the shading efficiency [-] 

 𝜂blocking is the blocking efficiency [-] 

 𝜂attenuation is the atmospheric attenuation efficiency [-] 

 𝜂spillage is the spillage efficiency [-] 

 

Thermal losses in the solar tower receiver are a sum of loss by radiation, convection, 

reflection and conduction. The calculation of losses depends on the receiver design. 

(Benammar et al. 2014, 926) For example, in (Benammar et al. 2014, 926) equations 

are given for heat loss calculation in cavity receiver, as in (Romero-Alvarez & Zarza, 

61) correlations are given for convective heat loss for both the cavity and cylindrical 

external receiver. In (Ho & Iverson 2014) the following equation (29) is given to 

calculate thermal efficiency 𝜂th of solar tower receiver. The most critical factors in 

achieving high thermal efficiency at high temperature are high concentration ratio 

and reduced radiative view factor. Convective heat loss is less significant than 

radiative heat loss. Thermal efficiency can also be increased by increasing receiver 

absorptance and reducing receiver emittance. (Ho & Iverson 2014, 836)     

 

 𝜂th =
∝∙𝑄in−𝑄loss

𝑄in
=∝ −

𝜀∙𝜎∙𝐹view∙𝑇r
4+𝑓conv∙ℎ∙(𝑇r−𝑇a)

𝜂field∙𝐼b∙𝐶
                 (29) 

 

where 𝛼  is the receiver absorptance [-] 

 𝑄in  is the incoming solar radiative power [W] 

 𝑄loss  is the radiative and convective heat losses [W] 

 𝜀  is the receiver emittance [-] 

 𝜎  is the Stefan-Boltzmann constant (5.67∙10
-8

 W/m
2
∙K

4
) 

 𝐹view  is the radiative view factor from the receiver surface to the 

   surroundings [-]  

 𝑇r  is the receiver surface temperature [ºC], [K] 
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 𝑓conv  is the convective heat loss multiplier [-] 

 h  is the convective heat transfer coefficient [W/m
2∙K] 

 𝑇a  is the ambient temperature [ºC], [K] 

 𝜂field  is the heliostat field efficiency [-] 

 𝐼b  is the direct normal irradiance [W/m
2
] 

 𝐶  is the concentration ratio [-] 

   

The heliostat field layout optimization is a complex task, and typically carried out 

with optimization algorithms. Heliostats must be located as close to each other as 

possible so that the receiver can be low and the concentration ratio high. Layout 

optimization includes the minimizing of the cosine effect, shadowing, blocking, 

receiver spillage and atmospheric attenuation. Shading occurs mostly at low sun 

angles and in the middle of the field, where the blocking effect in turn would allow 

spacing of heliostats more closely. Atmospheric attenuation is typically expressed as 

a heliostat inclination-dependent experimental correlation. A classical code in use to 

optimize the heliostat field layout for tower height and receiver geometry is called 

DELSOL3. (Romero-Alaver & Zarza, 53-56) The code is able to determine the 

optical performance of the solar field at any given time of the year. 

 

In (Xu et al. 2011), the Dahan 1 MW solar tower power plant in China has been 

modelled with a modular modelling method based on the STAR-90 simulation 

platform. The Dahan solar tower applies a cavity receiver and direct steam 

generation. In the study, both a heliostat model and superheater cavity receiver 

model were developed. Dynamic and static characteristics of the cavity receiver were 

also investigated under varying solar irradiation conditions; variation trends of power 

output, steam temperature and pressure and steam flow were studied. The heliostat 

field model is developed in order to study the variation of energy flux density on the 

receiver surfaces with time; the energy flux density varies on the different surfaces 

with time. (Xu et al. 2011, 848-849, 855, 857) The same plant has been investigated 

also in (Yu et al. 2012 b) based on the same platform as in the study presented above. 

It is stated that the performance of the cavity receiver directly affects the efficiency 

of the entire solar plant. In the study, a plane equation for each inner surface of the 

cavity receiver is written to study heat flux density in the cavity, and the heat transfer 
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calculation procedure and assumptions made are shown for the receiver. Apart from 

the changes in operations during DNI disturbances, changes caused by feed water 

mass flow disturbances are also studied and the results discussed. (Yu et al. 2012 a, 

18, 21-22, 28) In (Yu et al. 2012 b), a model for the cavity receiver of the Dahan 

solar tower plant is developed in order to simulate and evaluate the dynamic 

characteristics of the receiver; the radiation heat conversion process, determination of 

convective heat transfer coefficient, computation of temperatures in receiver walls 

and calculation of thermal losses are included. In the study, heat loss analysis is 

included, as in the study in (Xu et al. 2011) it is neglected. (Yu et al. 2012 b, 164, 

166) 

 

3.2.4 Energy balance for vacuum and non-vacuum receivers 

Vacuum tube absorber is typically utilized in parabolic trough collectors, and 

nowadays also in linear Fresnel collectors applying high temperature levels, as non-

vacuum cavity receiver is traditionally utilized in LFR collectors applying 

temperature levels of saturated steam. For the PTC vacuum tube receiver, there 

already exist standard optical and thermal models; for example in (Forristall 2003) is 

presented a well-known thermal resistance model (TRM) for the vacuum receiver. 

For the LFR cavity receiver is no standard model, but, for example, in (Heimsath et 

al. 2014) an extension of standard PTC thermal models is shown to be applied for a 

LFR cavity receiver having a secondary mirror and glass cover (circular or flat). 

Typically, different ray tracing tools are used in order to determine the absorbed 

radiation by the receiver, and in the case of the LFR, also by the secondary reflector. 

(Heimsath et al. 2014, 386-388) In the study in (Heimsath et al. 2014), a model based 

on ray tracing and detailed convective simulations through CFD calculations and an 

algorithm based on thermal resistance model are compared. 

       

The parabolic trough collector performance model presented in (Forristall 2003) is 

based on energy balance of the collector and receiver. The energy balance includes 

the direct normal irradiation, optical losses from collector and receiver, thermal 

losses from receiver and heat gain into the HTF. Both one-dimensional and two-

dimensional energy balances are described in the reference. For longer receivers 



117 

 

  

(≥100 m), a two-dimensional energy balance is necessary. (Forristall 2003, 5) Figure 

60 shows a one-dimensional steady-state energy balance and TRM for the PTC 

receiver both with and without a glass envelope. The calculation methods for each 

component in the figure are presented in reference.  

 

 

Figure 60. a) One-dimensional steady-state energy balance and b) thermal resistance model 

for PTC receiver both with and without a glass envelope (Forristall 2003, 7).  

 

Figure 61 shows the energy balance and TRM for an LFR compound parabolic 

collector based on extending the heat transfer analysis described in (Forristall 2003). 



118 

 

  

The model for the LFR collector takes into account the energy balance of the 

secondary reflector. (Heimsath et al. 2014, 390) Heat loss in the cavity from the hot 

absorber tube surface is mainly through free convection and radiation heat transfer 

mechanisms, as outside the cavity radiation exists, and forced convection exists over 

the glass pane surface if the air flow prevails (Manikumar & Arasu 2014, 102). The 

dominant heat loss mechanism is typically radiation, which depends strongly on the 

absorber emissivity (Heimsath et al. 2014, 392). 

  

 

Figure 61. Energy balance and thermal resistance model for the linear Fresnel reflector 

cavity receiver (Heimsath et al. 2014, 390-392). 
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The geometry of the LFR cavity receiver makes its thermal modelling challenging. 

There is no standard convection correlation for a tube inside a cavity having a non-

uniform wall temperature. In the analytical model in (Heimsath et al. 2014), 

homogenous distribution of the solar radiation and a single mean temperature are 

assumed on the secondary reflector (Heimsath et al. 2014, 389-390) In the study in 

(Manikumar & Arasu 2014), a trapezoidal cavity receiver is studied, and it is stated 

that the heat loss through insulation parts of the cavity receiver can be neglected due 

to insulation preventing conduction losses. The heat loss through radiation from the 

absorber tube to the glass pane cover can be taken as a case of heat transfer between 

two infinite parallel surfaces having a temperature difference. The total heat loss 

coefficient is calculated considering convection and radiation losses from the 

absorber tube through glass pane to the surroundings. (Manikumar & Arasu 2014, 

102) 
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4 DEVELOPMENT OF A LINEAR FRESNEL COLLECTOR MODEL 

Based on the information gathered and compared on different CSP technologies, 

solar field and collector designs and modelling features in Chapters 2 and 3, Novatec 

Solar’s SuperNova field design is selected to be further studied and developed in 

Apros software. In this chapter, Apros is introduced briefly, initial data and 

parameters of the selected field design are gathered for the model development, the 

development process of LFR collector model and solar field is presented, model 

validation process is explained and preliminary simulation results with the 

configured Apros model are presented. Figure 62 shows an example piece of the 

modelled collector system. 

 

 

Figure 62. Novatec Solar’s Puerto Errado 2, i.e. PE 2 CSP plant in Spain (ewz). 
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 4.1 Apros software 

Apros (The Advanced Process Simulation Environment) is multifunctional software 

used for modelling and dynamic simulation of different processes and power plants; 

both thermal and nuclear power plants. The software is developed by VTT Technical 

Research Centre of Finland and Fortum, and has been utilized in 26 countries. (Apros 

a) Apart from the process, Apros also provides the modelling tools for automation 

and electrical systems (Apros b). The software allows the modelling of a two-phase 

flow and considers each phase with a six-equation model; the boundary conditions of 

a model can be varied and control systems elaborating the model can be created 

(Henrion & Trigubow 2011, 146). Apros database features a set of predefined 

process component models, such as pipes, valves, pumps, heat exchangers, reactors, 

tanks, measurements and electric generators, which are analogous with concrete 

devices. Simulation models are created graphically in the user interface, and process 

components automatically create all calculation level objects; nodes and branches. 

(Apros b) 

 

Apros includes five different thermal hydraulic models, i.e. flow models: 

homogenous (3-equation, flow model 2), 5-equation (flow model 5) and 6-equation 

(flow model 6) models for one dimensional water/steam/gas flow, one for single 

phase flow (flow model 1) and for tank modules (flow model 0). The selection of the 

flow model is done by the attribute accuracy level in process components in Apros. 

Different thermal hydraulic flow models can be applied to different parts of a 

simulated system, and those are interconnected by connection modules. The flow 

model determines the accuracy in solving the pressures, flows and enthalpies in the 

process network. In addition the heat structure temperatures are solved. Conservation 

equations for mass, momentum and energy and correlations for friction and heat 

transfer are used in order to determine the thermal hydraulics of the models. The 

homogenous model is a one-dimensional two-phase 3-equation model and based on 

the mass, momentum and energy conservation equations of the mixture. The 5-

equation model is based on mass and energy conservation equations for gas and 

liquid phases and momentum conservation equation for the mixture. In this model, 

no iterations are applied and thus a fast calculation speed is achieved. In the 6-
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equation model all three conservation equations are applied to both gas and liquid. 

An iterative procedure is used to solve the state of two phases. The 6-equation model 

is especially suitable for design calculations requiring accurate simulation with dense 

nodalisation in fast transients. In 5- and 6-equation flow models heat transfer 

between the two phases and heat structures is simulated. (Apros c; Apros manual) 

 

All the previously mentioned flow models except the flow model 0 utilize staggered 

grid discretization, where state variables such as pressure and enthalpy are calculated 

in the nodes, as variables related to flow characteristics are calculated in the 

branches, which are the borders of the nodes. Apros includes pressure and enthalpy 

tables, which are obtained in order to determine water and steam properties as a 

function of table values. The simulated fluid is selected by the attribute fluid section, 

and different fluids, such as water/steam, gases, combustion fuels and flue gases, can 

be simulated. (Apros c; Apros manual) In the configured model 6-equation flow 

model is utilized. In Apros, simulation models are configured graphically by using 

diagrams (Apros manual). In this case, the model is configured on a generic diagram. 

    

Apart from Apros, there are a number of modelling tools for power plants, some 

developed especially for concentrated solar power plants. Today, well-known 

software for CSP modelling include, for example, System Advisor Model SAM, 

Greenius and Ebsilon. System Advisor Model SAM is developed by NREL, Sandia 

National Laboratories and the University of Wisconsin. SAM can be used to model 

performance predictions and cost estimations for concentrated solar power plants 

based on all four basic CSP technologies. (NREL 2013) In SAM, heat losses can be 

calculated based on either empirical polynomial heat loss curves as a function of 

steam temperature, ambient temperature and wind velocity, or on detailed geometry-

based receiver heat loss models (Wagner & Zhu 2012, 1). Greenius is developed at 

the Institute of Solar Research of the German Aerospace Center (DLR). It was 

produced in order to make fast and preliminary simulations for hourly performance 

of concentrating solar power and other renewable energy systems. The initial focus 

of the software was in electricity generation by parabolic trough systems, but later it 

has been extended to also cover solar towers, solar process heat generation and solar 

cooling. (Greenius) Ebsilon owned by STEAG is created for engineering, designing 



123 

 

  

and optimizing power plants, and can be used from feasibility studies to detailed 

dimensioning of the plant. (STEAG) 

 

 4.2 Selected model and parameters 

Novatec Solar’s SuperNova design based on linear Fresnel technology with DSG is 

selected to be modelled in Apros software. Though all the necessary parameters from 

the model construction point of view can be found for some parabolic trough 

collectors, parabolic trough technology is not considered to be an option, as one 

model for the EuroTrough collector has already been made by VTT. Parabolic dish 

technology is, at least at the moment, not suitable for large scale hybrid operations. 

Solar tower and linear Fresnel reflector technologies are both developing and very 

promising technologies. According to the literature there are a number of different 

designs for solar tower technology regarding, for example, receiver configuration 

and solar field layout, so the design selection for modelling would be challenging, 

and there is not much information publicly available about modelling parameters for 

certain field and receiver configurations. Also, the scaling-up of the specific solar 

field would be challenging since the optical performance is dependent, for example, 

on the distance between heliostats and the distance between heliostats and solar 

tower. Among LFR technology, three commercial design options for further 

investigation can be found: Solarmundo by Solar Power Group, Areva’s multi-tube 

cavity receiver and Novatec Solar’s Nova-1 and SuperNova technologies. Neither 

Areva itself nor the literature offer detailed information, such as incidence angle 

behaviour and heat losses, about Areva’s design. The heat loss calculation without 

polynomial curves provided by manufacturer would not be practical due to the 

geometric complexity of the receiver, though several calculation studies and 

correlations based on experimental tests can be found in the literature. Novatec 

Solar’s and SPG’s designs both represent compound parabolic collectors. Novatec 

Solar’s design is selected to be further developed in Apros, as detailed polynomial 

equations for heat loss calculations and data about incidence angle modifiers can be 

found publicly available both for the Nova-1 and SuperNova designs.  
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SuperNova design is an interesting option; it includes Novatec Solar’s more 

conventional saturated steam-producing Nova-1 technology and additionally a 

modern superheating part. The flexibility in steam parameters according to needs 

increases the suitability of SuperNova field design for integration into conventional 

power plants. In Apros modelling and simulation deployed SuperNova field design 

was shown earlier in Figure 17, and the single row configuration is shown in Figure 

63. When saturated steam is produced instead of superheated steam, the superheating 

section is bypassed. Each collector line deploys a separator at the end of the 

evaporation section so as to separate water and steam, as shown in Figure 17. The 

level of the separator is measured as it works as a good indicator of a stable control 

system, and, despite separating water and steam, it also performs as water storage 

during start-ups and transient conditions (Hautmann et al. 2009, 7). The usage of a 

separator for each row facilitates the modelling, as, when using centralized 

evaporator and modelling one single collector row, the steam mass flow leaving to 

the superheating section must be scaled with the ratio of evaporation loops to the 

superheating loops. The selection of technology applying recirculation eases the 

construction of control schemes to provide constant live steam conditions compared 

to the once-through model. A design based on direct steam generation leads to lower 

investment cost and higher process temperature level resulting in a higher efficiency, 

which makes DSG preferable compared to other technologies. The most important 

parameter considered in recirculation mode operation is recirculation rate R, which is 

defined as the ratio of the recirculated mass flow and the steam flow. A high rate 

guarantees safe operations in absorber tubes by ensuring good cooling, but it also 

causes great pressure drops in the field and consequently higher parasitic power 

consumption. (Eck et al. 2003, 341, 347-348)  

 

 

Figure 63. Configuration of a single collector row based on Novatec Solar’s SuperNova 

design (Morin et al. 2012 b, 5). 
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Novatec Solar’s technology is also in use in NREL’s System Advisor Model, which 

can be seen as an advantage from the later model validation point of view. NREL’s 

System Advisor Model provides for LFR technology a local temperature difference-

dependent model, which is a general model for different non-vacuum absorber 

designs. The model takes into account the mean HTF temperature, ambient 

temperature and wind velocity. SAM also includes an option to model an evacuated 

tube receiver based on the heat balance of the design. Thus, it is possible to model 

lower and higher temperature boiler sections of the solar field separately using a 

general polynomial model for a more conventional receiver in the lower temperature 

section and a vacuum tube model in the high-temperature superheating section. 

(Wagner & Zhu 2012, 5)     

 

Novatec Solar gives the reference conditions and the corresponding thermal output 

values for its collectors according to Table 12.  

 

Table 12. Reference conditions and corresponding thermal output values for Novatec Solar’s 

non-vacuum and vacuum tube collectors (Novatec Solar e). 

 non-vacuum vacuum unit 

ambient temperature 40 40 °C 

inflow temperature 100 300 °C 

outflow temperature 300 500 °C 

wind conditions no no m/s 

direct normal radiation 900 900 W/m
2
 

transversal incidence angle 30 30 ° 

longitudinal incidence angle 10 10 ° 

thermal output per control unit 276 270 kW 

thermal output per primary reflector area 537 525 W/m
2
 

   

A single collector module from Novatec Solar has a length of 44.8 m and there can 

be from five to 22 modules arranged in series in a longitudinal direction to form a 

collector row, meaning that a single collector row has a length of from 224 m to 
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985.6 m (Novatec Solar e). In (Selig & Mertins 2010) 5-18 modules are 

recommended for the evaporator section and 3-4 modules for the superheating 

section (Selig & Mertins 2010, 6). (Morin et al. 2011) states that a collector length of 

close to 300 m including six collector modules used for superheating section in test 

operations in Puerto Errado 1 is the preferred length also in future commercial 

projects using the SuperNova technology (Morin et al. 2011, 2). By assuming a 

collector row consisting of 22 modules, the preheating and boiling section would 

consist of 16 modules. In (Morin et al. 2012 b), the collector row is suggested to 

consist of 21 collector modules; 14 in the evaporation section and 7 in the 

superheating section giving a total length of 940.8 m for the row (Morin et al. 

2012 b, 5). The superheated steam outlet temperature can be modified by the 

separator positioning; the closer the separator is positioned to the solar field inlet, the 

higher is the share of superheating section length of the total collector length and the 

higher is the superheated steam outlet temperature. If the separator is positioned at 

70% length from the field inlet, the design superheated steam temperature can be set 

to 500 °C as shown in Figure 64. (Selig & Mertins 2010, 6) 

 

 

Figure 64. Water/steam temperature at superheater outlet at a pressure of 80 bar with 

different positions of the separator (Selig & Mertins 2010, 6).  
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 In the Apros model, a collector row with 22 modules is chosen to be the basic unit 

and configured, and several units can be set parallel as in the real Novatec Solar 

design. The dimensions of the single unit in Apros are shown in Table 13. With the 

distributions shown, the share of the superheating section is 27.3% in the case of the 

configured basic unit. The number of modules can be easily modified in Apros. 

Assuming reference inlet and outlet temperatures as shown in Table 12, it can be 

calculated that the temperature rise in a single collector module in the non-vacuum 

section should be 12.5 °C and in the vacuum section 33.3 °C if an even temperature 

rise is expected.  

 

Table 13. Dimensions of Novatec Solar’s collector modules and collector row used in Apros 

model development. 

SuperNova field design 

  modules 22 - 

preheating and boiling modules 16 - 

superheating modules 6 - 

row length 985.6 m 

preheating and boiling section length 716.8 m 

superheating section length 268.8 m 

module length 44.8 m 

primary reflector width 0.717 m 

primary reflectors per line 16 - 

module aperture area 513.6 m
2
 

collector aperture area 11,299.2 m
2
 

preheating and boiling section aperture area 8,217.6 m
2
 

superheating section aperture area 3,081.6 m
2
 

 

Table 14 shows values for both non-vacuum and vacuum receiver tube dimensions. 

The values for the vacuum tube absorber represent values of Schott 2008 PTR70. 

Same tube diameters are used both in Nova-1 receivers in evaporation section and in 

SuperNova receivers in superheating section, and due to that same primary reflector 

system can be utilized in both sections (Selig & Mertins 2010, 5). For the inner 

roughness factor of all absorber tubes a value of 4.0 ∙ 10−5 m is given, which is 
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found for the vacuum tube receiver of the ET-100 collector (Figure 32), as no other 

information about the factor is found. Relative roughness is calculated by dividing 

this by the hydraulic diameter i.e. the inner diameter.   

 

Table 14. Absorber tube dimensions for both non-vacuum and vacuum tubes of Novatec 

Solar (Burkholder & Kutscher 2009, 4; Günther, 21; Morin et al. 2012 b, 5; Romero-Alvarez 

& Zarza, 21). 
*)
excluded from Apros model 

**)
self-defined 

collector type non-vacuum vacuum hot end 

header
*)

 

injection 

lines
**)

 

 

tube inner diameter 66 66 294 10 mm 

tube outer diameter 70 70 342 - mm 

tube wall thickness 2 2 24 - mm 

relative roughness 6.06∙ 10−4 6.06∙ 10−4 - - m 

 

The desired steam quality x (i.e. steam mass fraction) at the separator inlet is set to 

0.80 in (Giostri et al. 2011, 4) and for the evaporation section of both Nova-1 and 

SuperNova designs in (Morin et al. 2012 b). That value is enough to guarantee 

sufficient cooling of the absorber tubes during steady-state operations. During cloudy 

periods with frequent transients, the steam quality must be set to a significantly lower 

value. (Eck & Zarza 2006, 1427) As there are long time delays in the solar field, in 

the preliminary control concept of the configured Apros model a set point value 0.75 

is used for steam quality. The steam quality is regulated by controlling the flow rate 

in the evaporation section (Rodat et al. 2014, 1507). The superheating section is 

slightly over-dimensioned and the outlet temperature is then controlled by injection 

cooling, and thermal inertia of piping and absorber tubes are also utilized. The design 

steam temperature is obtained even at unfavourable solar irradiation conditions by 

varying the injection mass flow. In the optimal situation, an injection cooler is placed 

within or at the beginning of the superheating section in order to reduce installation 

costs and avoid energy losses due to defocusing of the reflectors. In (Morin et al. 

2012 b), the injection cooler is placed after the outlet of the superheater in a testing 

setup, but will be changed in future installations. In the configured control concept, 

three injection coolers are used to avoid overheating the receiver tubes. Also, 
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focusing/defocusing of reflectors could be used for outlet temperature control, but is 

not considered in this Apros model. (Morin et al. 2012 b, 2, 5; Selig & Mertins 2010, 

6) In the study in (Giostri et al. 2011), an inflow rate of 2.24 kg/s is used in the 

Nova-1 concept with a temperature difference of 74.1 °C between the collector inlet 

and outlet. In the study, an inlet pressure of 66 bar and outlet pressure of 55 bar is 

used. (Giostri et al. 2011, 4) Steam outlet pressure of 80-90 bar and a temperature of 

450-500 °C can be used for superheated steam, as explained before in Chapter 2.1.2. 

The total pressure drop in the collector length, dominated by the two-phase flow 

pressure drop, is evaluated. In (Eck et al. 2003) is presented calculated pressure 

drops of superheating section in DISS test facility; for 300 m length superheater the 

pressure drop is calculated to be ∆𝑝 = 4 − 14 bar, depending on the steam outlet 

temperature. In (Zarza 2007), an example pressure drop ∆𝑝 = 10 bar is shown for 

DSG solar field. (Eck et al. 2003, 343; Zarza 2007, 8).  

 

Values for incidence angle modifiers for the chosen Novatec Solar’s technology can 

be found in Figures 53 and 54 for certain incidence and transversal angles. However, 

for modelling purposes the incidence angle modifiers must be expressed as linear 

functions. Functions are formed by utilizing LINEST-function in Excel. The 

challenge in forming functions is the negative values, which the longitudinal 

incidence angle modifiers has somewhere between 80º and 90º with the formed 

functions. That can be noticed in Figure 65 presenting the incidence angle modifiers. 

Though, according to Figures 53 and 54, longitudinal IAM for non-vacuum receiver 

has a value of close to zero at 80° and IAM for vacuum receiver has the value zero at 

80°. Thus the negative values of IAM do not cause a problem, if the equations for 

longitudinal directions are not used after incidence angle of 80° i.e. are set to have a 

value of zero. Polynomial functions for each IAM and technical limit values are 

shown in Table 15. The number of polynomial coefficients in each function is chosen 

so that the difference between IAM values calculated and given in Figures 53 and 54 

is as small as possible. 
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Table 15. Linear functions for incidence angle modifiers and limit values for their 

applicability. 

Nova-1 

transversal 

𝐾⊥(𝜃) = −2.639 ∙ 10−11 ∙ 𝜃6 + 8.202 ∙ 10−9 ∙ 𝜃5 − 9.099 ∙ 10−7

∙ 𝜃4 + 4.167 ∙ 10−5 ∙ 𝜃3 − 0.001 ∙ 𝜃2 + 0.003 ∙ 𝜃

+ 0.9998 

limits 0° ≤ 𝜃 ≤ 90° 

Nova-1 

longitudinal 

𝐾i(𝜃) = −9.862 ∙ 10−13 ∙ 𝜃7 + 2.850 ∙ 10−10 ∙ 𝜃6 − 3.126 ∙ 10−8

∙ 𝜃5 + 1.661 ∙ 10−6 ∙ 𝜃4 − 4.469 ∙ 10−5 ∙ 𝜃3

+ 0.0004 ∙ 𝜃2 − 0.003 ∙ 𝜃 + 1.0001 

limits 0° ≤ 𝜃 ≤ 82.7°;  87.8° ≤ 𝜃 ≤ 90° 

SuperNova 

transversal 

𝐾⊥(𝜃⊥) = −1.181 ∙ 10−11 ∙ 𝜃6 + 4.431 ∙ 10−9 ∙ 𝜃5 − 5.483 ∙ 10−7

∙ 𝜃4 + 2.603 ∙ 10−5 ∙ 𝜃3 − 0.0005 ∙ 𝜃2 + 0.001 ∙ 𝜃

+ 0.9996 

limits 0° ≤ 𝜃 ≤ 90° 

SuperNova 

longitudinal 

𝐾i(𝜃i) = −2.976 ∙ 10−14 ∙ 𝜃8 + 9.991 ∙ 10−12 ∙ 𝜃7 − 1.369 ∙ 10−9

∙ 𝜃6 + 9.945 ∙ 10−8 ∙ 𝜃5 − 4.104 ∙ 10−6 ∙ 𝜃4 + 9.461

∙ 10−5 ∙ 𝜃3 − 0.001 ∙ 𝜃2 + 0.005 ∙ 𝜃 + 1.00002 

limits 0° ≤ 𝜃 ≤ 80.0;  85.5 ≤ 𝜃 < 90° 

 

 

Figure 65. Formed incidence angle modifiers as a function of incidence angle. 
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In (Coco-Enríquez et al. 2013) the cleanliness factor for Novatec Solar’s SuperNova 

technology is stated to be 𝑓cl = 0.96 (Coco-Enríquez et al. 2013, 4). This value is 

used as a reference value in the configured Apros model. All optical and thermal 

parameters and equations used in collector model construction for SuperNova are 

collected in Table 16.  

 

Table 16. Optical and thermal properties for Novatec Solar’s non-vacuum and vacuum tube 

collectors used in modelled design in Apros. 

collector type non-vacuum vacuum 

peak optical 

efficiency 

67% 64.7% 

cleanliness factor 96% 96% 

thermal loss 𝑞loss = (0.056 ∙ ∆𝑇 + 

 0.000213 ∙ ∆𝑇2) W/m2  

𝑞loss = (0.013 ∙ ∆𝑇 +  

 6.25 ∙ 10−10 ∙ ∆𝑇4) W/m2 

   

Figure 66 shows the change in the absorber tube heat loss as a function of absorber 

mean temperature according to equation (19) presented before. It can be clearly seen, 

that the vacuum tube collector has a significantly lower heat loss rate, as explained 

before. Novatec Solar’s statement to reduce heat losses by 50% with a vacuum 

receiver compared to non-vacuum receiver is confirmed according to Figure 66 

(Novatec Solar 2011). Heat loss increases when applied temperature level increases.   
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Figure 66. Heat loss calculated according to equation (19) for both non-vacuum and vacuum 

absorber tube receivers of the Novatec Solar LFR collectors expressed per primary reflector 

length (W/m) and area (W/m
2
). Ambient temperature is 40 ºC. 

 

An essential thing to be considered in collector performance studies is the relation 

between usable irradiation absorbed by the receiver and heat losses from the receiver. 

When heat losses exceed absorbed irradiation (see equation (8)), thermal power 

cannot be produced. This kind of situation can occur for example during low 

irradiation conditions and/or low incidence and/or transversal angles at sunrise, 

sunset and cloudy periods. Figure 67 shows results of an analytical thermal output 

calculation for both non-vacuum and vacuum sections of the investigated collector 

system with different DNI values, as incidence and transversal angles are according 

to reference conditions. Figures 68 and 69 show corresponding global efficiency 

curves separately for a non-vacuum and vacuum receiver. Figure 70 shows the 

results of a receiver thermal output calculation as a function of incidence and 

transversal angle, while irradiation has a fixed value DNI = 300 W/m
2
 to 

demonstrate low irradiation conditions. Angles are determined to be equal to 

simplify the calculation, though in reality they seldom are. Figure 71 shows 

corresponding global efficiency curves for both receiver types. In the real case, 
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receivers do not operate at so wide a temperature range as shown in the figures; 

a non-vacuum receiver operates at lower temperatures and a vacuum receiver at 

higher temperatures. As can be seen, the performance of the non-vacuum receiver is 

better in the lower temperature range and the performance of the vacuum receiver 

better in the higher temperature range. According to results presented below, both 

receivers should be able to operate at the desired temperature levels even at low 

irradiation conditions, if the angles are small enough. According to Figures 70 and 

71, receivers are able to produce thermal power at desired temperature levels still at 

angles of 60º in both directions even at low irradiation conditions; DNI = 300 W/m
2
.  

 

 

Figure 67. Thermal output for Novatec Solar’s non-vacuum and vacuum tube absorbers as a 

function of absorber mean temperature and DNI, when transversal incidence angle is 

𝜃⊥ = 30° and longitudinal incidence angle is 𝜃i = 10°.   
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Figure 68. Global efficiency for Novatec Solar’s non-vacuum tube absorber used in the 

evaporation section, where the absorber mean temperature is 𝑇m = 200 °C according to 

reference conditions. Transversal incidence angle is 𝜃⊥ = 30° and longitudinal incidence 

angle is 𝜃i = 10°.  

 

 

Figure 69. Global efficiency for Novatec Solar’s vacuum tube absorber used in the 

superheating section, where the absorber mean temperature is 𝑇m = 400 °C according to 

reference conditions. Transversal incidence angle is 𝜃⊥ = 30° and longitudinal incidence 

angle is 𝜃i = 10°. 
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Figure 70. Thermal output for Novatec Solar’s non-vacuum and vacuum tube absorbers as a 

function of absorber mean temperature and incidence and transversal angles, when  

DNI = 300 W/m
2
.   

 

 

Figure 71. Global efficiency for Novatec Solar’s non-vacuum and vacuum tube absorbers as 

a function of absorber mean temperature and incidence and transversal angles, when  

DNI = 300 W/m
2
.    
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4.3 Development of solar field model in Apros software 

The model development in Apros for Novatec Solar’s superheated steam-producing 

LFR design is done by applying equation (8), including correlation for thermal losses 

and tables for incidence angle modifiers given by the company. The development 

procedure includes both the development of two different collector structures and the 

development of an entire solar field consisting of several collectors. The collector 

model includes a calculation for a reflector receiving solar irradiation from the sun 

and reflecting it into the absorber, losses related to collector optics and incidence 

angle, and the absorber receiving the reflected sun and experiencing thermal losses to 

the atmosphere. The solar field is composed of an evaporation section, superheating 

section, steam drum and control system, which is based on PI controls. The model is 

created in multi-level by creating new modules, called User components, in Apros. 

Thermal performance calculations according to previously presented principles are 

included in User components, and those are included in the solar field model. The 

multi-level structure due to User component utilization in the final solar field model 

is illustrated in Figure 72. There are already two modules existing to describe solar 

conditions in Apros; a Solar Radiation module calculating solar irradiation on a 

horizontal surface according to place and time, and a Solar Irradiation Processor 

module converting irradiation from the Solar Radiation module to irradiation on a 

tilted surface by also taking into account a sun-tracking mode.  
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Figure 72. Solar field, User components and solar modules developed and used in Apros. 

The arrows describe how the used input values are transferred in the model. 

 

4.3.1 Development of collector modules 

The performance calculation of applied Novatec Solar’s collectors is configured in a 

multi-level structure in Apros in order to make the model user-friendly and clear to 

use. A complex calculation is simpler to do in multi-level, and the multi-level 

calculation structure is implemented by using User components, an Apros feature to 

allow the user to configure their own components.  

 

For the collector performance calculation five different User components are created. 

Table 17 introduces symbols, names, functions and applied equations for all five 

configured User components. The creation procedure of User components is not 

shown on this occasion, as it is a basic feature of Apros and easily repeated. Instead, 

the usage of previously presented performance equations in certain User components 

is clarified in Table 17. In Table 17 symbols shown include circles, green 

representing analogue inputs, red analogue outputs and blue process variable inputs 

and outputs. Those are explained in Table 18. 
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Table 17. Symbols, names, functions and applied equations for User components configured 

for the solar field model.  

User component 

symbol 

User 

component 

name 

function applied 

equations 

 

IAM 

calculator 

calculates transversal 

incidence angle 

(longitudinal angle derived 

from Solar Irradiation 

Processor module), and 

both transversal and 

longitudinal IAMs and 

total IAM for both Nova-1 

and SuperNova collectors 

eq. (4), (16) 

Table 15 

 

Nova-1 

collector 

performance 

calculates optical power 

and heat losses, and 

further thermal power of 

the Nova-1 collector 

eq. (5), (8), (19) 

Tables 11, 16 

 

SuperNova 

collector 

performance 

calculates optical power 

and heat losses, and 

further thermal power of 

the SuperNova collector 

eq. (5), (8), (19) 

Tables 11, 16 

 

Nova-1 

solar 

collector 

transfers in “Nova-1 

collector performance” 

User component calculated 

net power into applied 

non-vacuum receiver and 

calculates the dynamics of 

water/steam flow 

transfer eq.: 

𝑃th[W] 

A [m2]
 

𝑃th=collector net 

thermal power 

A=heat transfer 

area 

= 2 ∙ 𝜋 ∙ 𝑟o ∙ 𝐿 

Tables 13, 14 

 

SuperNova 

solar 

collector 

transfers in “SuperNova 

collector performance” 

User component calculated 

net power into applied 

vacuum receiver and 

calculates the dynamics of 

water/steam flow 

transfer eq.: 

𝑃th[W] 

A [m2]
 

𝑃th=collector net 

thermal power 

A=heat transfer 

area 

= 2 ∙ 𝜋 ∙ 𝑟o ∙ 𝐿 

Tables 13, 14 
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Table 18. Input and output variables of User components in the solar field model. Variables 

in italics are not used in this model (compare eq. (9) and (10)).    

User 

component 

inputs outputs 

IAM 

calculator 

solar azimuth angle 

tracking surface azimuth, i.e. collector 

orientation 

zenith angle 

angle of incidence 

IAM for Nova-1 

 

IAM for SuperNova 

Nova-1/ 

SuperNova 

collector 

performance 

solar azimuth angle 

tracking surface azimuth, i.e. collector 

orientation 

zenith angle 

angle of incidence 

beam irradiation on tilted surface 

diffuse irradiation on tilted surface 

total irradiation on tilted surface 

long wave irradiance 

ambient temperature 

wind velocity 

fluid inlet temperature 

fluid outlet temperature 

thermal power [W] 

Nova-1/ 

Supernova 

solar 

collector 

solar azimuth angle 

tracking surface azimuth, i.e. collector 

orientation 

zenith angle 

angle of incidence 

beam irradiation on tilted surface 

ambient temperature 

inlet water, water/steam or steam flow 

outlet water, 

water/steam or steam 

flow 

 

thermal power of the 

collector module 

[kW] 

 

User components are situated in the solar field model so that in the main diagram 

only as many User components of Nova-1 and SuperNova solar collectors are shown 

as need to be connected together to form a collector row, together with Solar 

Radiation module, Solar Irradiation Processor module, water/steam separator and 

field control system. Inside each Nova-1 solar collector is located a User component 

for the Nova-1 performance and a similar structure is formed for SuperNova. Inside 

these performance calculator components the real performance calculation is 

obtained with analogue signals and analogue signal components for the reflector and 
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receiver in terms of optical and thermal performance. The net thermal power of the 

collector module calculated during each time step is transferred into the receiver in 

order to produce the real enthalpy input and temperature and pressure state in water, 

water/steam or steam flow. This is applied in each solar collector User component 

connected in series and representing one collector module. Inside both the Nova-1 

and SuperNova collector performance components is the IAM calculator, in which 

the incidence angle modifier both for Nova-1 and SuperNova collector is calculated. 

The IAM calculator includes an analogue switch component to select whether to 

calculate IAM for Nova-1 or SuperNova. This multi-level structure is demonstrated 

visually in Figure 73. User components have several common input and output 

parameters as shown in Table 18. That is due to the multi-level model structure, 

where some input values are transferred from the main diagram to the next levels.   

 

 

Figure 73. Multi-level structure of User components in the solar field model in Apros. 
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The proper functionality of the User components created can be separately tested in 

Apros before creating real dynamic diagrams and starting simulations. User 

components can be simply tested by connecting the command trigger signal 

generator module into the configuration to produce the required input values from 

the selected initial value to final value with the selected ramp rate, and by observing 

the behaviour of the quantity investigated in a chart created during the simulation. 

When testing components relative to incidence and transversal angles, the same 

angles for both directions are used in order to simplify investigation as only 

behaviour study is applied, though in reality they seldom get equal values at a certain 

moment.  

 

The User component for the IAM calculator as a function of incidence and 

transversal angle must be tested to be sure that both the LINEST-functions for IAMs 

created from table values and their equivalent logical configuration in Apros are 

working properly. It is tested in the incidence and transversal angle range from 0º to 

90º, though in the longitudinal direction high angles are not likely to occur. The 

resulting chart is shown in Figure 74. Longitudinal IAM for SuperNova gets a 

negative value just above 80º and longitudinal IAM for Nova-1 just above 82º, which 

is reasonable behaviour. As high longitudinal angles as those are not likely to appear, 

but negative IAM values are nevertheless prevented in the IAM calculator User 

component after mentioned angles by using the limiter module. By comparing 

certain points and shape of the curves to data in Figures 53 and 54, it can be 

concluded that the IAM calculator is working properly, though more detailed 

distribution analysis must be done, as LINEST-functions created based on table 

values probably cause the largest error in properly working thermal output 

calculation in Apros.   
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Figure 74. Testing of IAM calculator behaviour as a function of longitudinal and transversal 

incidence angles in Apros. The results can be compared to data in Figures 53 and 54 found in 

the literature and to curves in Figure 65, which are calculated with the equations found in 

Table 15; the latter comparison shows the functionality of equations in the IAM calculator in 

Apros. 

 

Thermal output of both Nova-1 and SuperNova solar collector User components can 

be tested, for example, as a function of DNI and longitudinal and transversal 

incidence angles. Figure 75 shows a comparison between thermal outputs calculated 

in Apros and analytically calculated (see eq. (8)) of both the Nova-1 and SuperNova 

designs, when DNI range from 0 W/m
2
 to 1,100 W/m

2
 at the reference conditions 

determined by Novatec Solar; the absorber mean temperature is 200 ºC for Nova-1 

and 400 ºC for SuperNova, while the longitudinal angle is 10º and transversal angle 

is 30º. The absolute difference between thermal outputs increases from 0.53 W/m
2
 to 

5.81 W/m
2
 for the Nova-1 design and from 0.25 W/m

2
 to 2.70 W/m

2
 for SuperNova 

design, as the DNI value is increased from 100 W/m
2 

to 1,100 W/m
2
. At the same 

time, the relative difference between thermal outputs decreases from 1.16% to 0.90% 

for the Nova-1 design and from 0.58% to 0.44% for the SuperNova design. Values 
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calculated in Apros are lower than the values calculated analytically, which means 

that the thermal energy production results obtained in Apros are not overestimated.  

 

 

Figure 75. In Apros with solar collector User components and analytically calculated 

thermal outputs for the Nova-1 and SuperNova collectors. 

 

When comparing thermal outputs as a function of longitudinal and transversal angles 

giving DNI a constant value of 900 W/m
2
, it is noticed that the variation in thermal 

output is random in the angle range from 0º to 80º. By investigating only the effect of 

IAM calculated in Apros on thermal outputs and by comparing the results to thermal 

outputs calculated based on IAMs given in tables presented in Figures 53 and 54, it is 

concluded that IAM is the only factor creating a distribution between in Apros User 

components and analytically calculated thermal outputs. This also explains the 

increase in distribution in the previously mentioned case of calculating thermal 

outputs with increasing DNI and constant longitudinal and transversal angles.         

 

Figure 76 shows absolute difference in thermal output caused by the difference in 

IAM calculated in Apros User component and given by Novatec Solar. Thermal 
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caused by the inaccuracy of LINEST-functions made for IAMs. The formulation of 

functions according to Figures 53 and 54 is challenging, as only a related amount of 

known points is given and because of the shape of IAM curve, especially for 

longitudinal IAM components.  

 

 

Figure 76. Absolute difference in thermal output (in Apros calculated value−analytically 

calculated value) caused by the difference in incidence angle modifier values calculated in 

Apros and given by Novatec Solar. 

 

4.3.2 Apros component modules and features used in the solar field 

layout and control system  

In this chapter, basic Apros process components and control system and analogue 

components found in the Apros symbol library and used in the model are presented. 

The symbols for components applied in the model and input and output 

attributes/purpose of the components used in the model are shown in Table 20 for 

process components and in Table 21 for control system and analogue components. 

Also the overall idea of PI controller is presented in this chapter.  
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Solar Radiation module 

The Solar Radiation module calculates the solar position during a series of time 

according to input parameters (coordinates and time) and further both the beam and 

diffusive irradiation on the horizontal surface for each separate step of solar position. 

The values generated in the Solar Radiation module are transferred to the Solar 

Irradiation Processor module. (Hoang 2012, 12) 

 

The Solar Radiation module calculates optimal clear sky irradiation, which cannot be 

achieved in reality. The calculation method is presented in (Hoang 2012, 86-100). 

The module includes a Linke turbidity factor attribute, which indicates the optical 

density of a hazy and humid atmosphere relative to a clean and dry atmosphere. The 

factor models the optical thickness of the atmosphere due to absorption and 

scattering of the irradiation under a clear sky. A high factor results in a lower 

irradiance level, and a low factor in a higher irradiation level. (Hoang 2012, 68; 

Remund et al. 2003, 1) Table 19 shows guideline for typical values of the factor.      

 

Table 19. Guideline for typical Linke turbidity factors in Europe (CRA-CIN). 

air features Linke turbidity factor 

very cold clean air 2 

moist warm or stagnating air 4-6 

clean warm air 3 

polluted air >6 

 

With an attribute of clear sky index, cloudiness can be created in the model. Clear 

sky index describes the overall cloudiness of the area. It can have values of between 

0 and 1, 1 representing clear sky conditions. The clear sky index is determined as a 

relation of measured irradiation and calculated clear sky irradiation. If measured 

irradiation data is available, a time series for the clear sky index can be calculated 

and fed into the Solar Radiation module in Apros with value transmitter module. The 
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smaller the value of clear sky index, the less irradiation is available and the larger is 

the share of diffuse radiation of total irradiance. (Kannari 2014, 2)  

     

Solar Irradiation Processor module 

The Solar Irradiation Processor module first calculates the inclination angle at which 

the beam irradiation enters a surface according to input data from the Solar Radiation 

module, and further the total amount of beam and diffusive irradiation on a tilted 

surface. The module includes a tracking attribute, which can be used to define which 

tracking option is used; 0 no tracking and fixed tilt angle, 1 fixed slope and rotation 

around vertical axis, 2 horizontal surface rotating around a parallel axis, 3 tilted 

surface rotating around a parallel axis, 4 two-axis tracking. According to tracking 

option selected, the amount of incoming beam irradiation is increased as the 

incidence angle is reduced. The calculation of tilt angle and azimuth angle varies 

depending on the tracking option selected, as the incidence angle is always calculated 

with the same formula. The values generated in the Solar Irradiation Processor 

module are transferred to the solar collector modules. (Apros manual; Hoang 2012, 

12)      

 

The Solar Irradiation Processor module also includes a cloudiness factor and shadow 

factor attributes. Both of them can have values between 0 and 1, 0 representing clear 

sky. Both attributes have identical effects on irradiation (Kannari 2014, 1). Factors 

included in the solar Irradiation Processor can be used to create different irradiation 

conditions in separate collector rows without using several Solar Radiation modules 

in the model. 

 

Point     

The point component is used to connect different process components together. 

When a connection point is added to the model, a node (POn_NOm) and a 

composition module (POn_CMm) are automatically created to the calculation level. 

As the 6-equation model is used in the configured model, the accuracy level of 6 is 

given for the point and the fluid section name of water/steam (WS) is defined. In the 
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case of some process components, in the configured model in the case of a tank, the 

connection points are automatically created. The volume and area of the connection 

point node are calculated from the components that are connected to the point. The 

attributes pressure, temperature, mixture enthalpy, liquid enthalpy, steam enthalpy, 

void fraction, mass fraction of noncondensable gas in the gas phase and mass 

fraction of first species in the mixture define the initial state of the point. (Apros 

manual) 

 

Pipe 

The pipe component is used for fluid flow calculation, and pipe is defined between 

two connection points. The shape and dimensions of the pipe are specified by the 

user. In the configured model, all pipes are defined to have zero nodes inside the pipe 

i.e. the pipe includes only one calculation volume. The pipe is connected to two 

connection points, which defines the accuracy level and flow section of the pipe (in 

this case 6 and WS). The pipe creates nodes (PIPn_NOm) (not in this case when the 

number of calculation nodes inside the pipe is zero) and branches (PIPn_BRm+1). The 

pipe also creates composition modules (PIPn_CMm) (not in this case when the 

number of calculation nodes inside the pipe is zero) and composition branches 

(PIPn_CBm+1) for concentration calculation. Both nodes and composition modules 

and branches and composition branches are created as pairs. (Apros manual) 

 

Pipe with heat structure 

Pipe with heat structure is used in the configured model inside the solar collector 

User components in order to take into account the heat flux into the receiver tube. In 

the configured model the number of parallel pipes is one. In the case of a pipe with 

heat structure, nodes (HPn_NOm), composition modules (HPn_CMm), branches 

(HPn_BRm+1) and composition branches (HPn_CBm+1) are created similarly to that in 

the case of the pipe. In the configured solar field model, two nodes and composition 

modules and three branches and composition branches are created. Additionally, the 

process component creates a heat point module (HPn_HP1) and heat structure, which 

depends on the number of nodes in the radial direction. In this case, the most 
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important parts of the heat structure are heat structure nodes (HPn_HNnumber of radial 

nodes). In this case, the number of heat structure nodes in radial direction is two. 

(Apros manual)     

 

Basic pump  

Pump (PUn) is used to increase the pressure in the flow. The pump is specified by 

defining nominal head and flow and maximum head. The pump speed can be 

controlled with the attribute speed set point. (Apros manual)  

 

Check valve 

Check valve is used to allow flow only in the direction defined to be the positive 

direction. If the flow is detected in a negative direction, it is set to zero.  (Apros 

manual)  

 

Control valve 

In the configured model, control valve is used to control mass flows in the field. 

Nominal mass flow and pressure loss are defined for the control valve. The position 

of the valve is controlled by means of the position set point of the valve. (Apros 

manual)  

 

Tank 

Usually, the process component tank is used as a mixer or a splitter, and it is usually 

assumed that liquid and gas are separated. In the configured model, tanks are used as 

separators for water and steam. The connection point elevation from the tank bottom 

is defined. Pressure, temperature, enthalpy, liquid level and mass fraction of 

noncondensable gas in the gas phase define the initial state of the tank. (Apros 

manual)   
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Combination 

The combination component is used to combine other process components to the 

same branch in order to reduce the number of calculation nodes and branches. This is 

useful especially when simulating large processes. The possible modules to be 

combined are pipe, basic pump, motor pump, common pump, basic valve, control 

valve, shut-off valve, safety valve, check valve and common valve.    

 

Table 20. Basic process component modules in the Apros symbol library, and their graphical 

symbols and main input and output attributes applied in the configured model (Apros 

manual).  

process 

component symbol 

process 

component 

name 

input attributes output attributes 

 

Solar 

Radiation 

 

geometric coordinates, 

current standard time, 

Linke turbidity factor, 

clear sky index 

 

zenith angle, 

solar azimuth, 

beam irradiation 

on horizontal 

surface, 

diffuse irradiation 

on horizontal 

surface 

 

Solar 

Irradiation 

Processor 

zenith angle, 

solar azimuth, 

beam irradiation on 

horizontal surface, 

diffuse irradiation on 

horizontal surface, 

cloudiness factor, 

tracking mode 

zenith angle, 

solar azimuth, 

tracking surface 

azimuth i.e. 

collector 

orientation, 

beam irradiation 

on tilted surface, 

diffuse irradiation 

on tilted surface, 

tilt angle, 

surface azimuth, 

angle of incidence 

 

 

point/ 

excluded 

point 

flow model, 

name of fluid, 

pressure (if excluded from 

simulation), 

temperature (if excluded 

from simulation) 

pressure, 

temperature, 

mixture enthalpy, 

mass fraction of 

gas 

 
pipe flow length of pipe, 

diameter of pipe, 

flow area, 

mass flow, 

flow velocity, 
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extra pressure loss, 

number of calculation 

nodes inside the pipe 

 
pipe with 

heat 

structure 

flow length of pipe, 

inside radius, 

thickness of first layer in 

the wall, 

flow area, 

hydraulic diameter, 

number of parallel pipes, 

material number of first 

layer in the wall, 

relative roughness, 

number of calculation 

nodes inside the pipe, 

number of nodes in first 

layer of the wall, 

height of node, 

length of node 

mass flow, 

constant heat flux 

into the node, 

heat flow from 

heat structure to 

fluid, 

flow velocity, 

heat transfer area 

of pipe wall, 

average wall 

temperature 

 

basic pump flow length, 

flow area, 

diameter, 

nominal volumetric flow, 

nominal head, 

maximum head, 

speed set point 

mass flow, 

flow velocity, 

head 

 

check valve flow length, 

flow area, 

flow velocity closing the 

valve 

mass flow, 

flow velocity, 

position of valve 

 

control 

valve 

flow length, 

flow area, 

position set point of valve, 

nominal position of valve, 

nominal mass flow, 

nominal pressure loss, 

driving time of valve 

mass flow, 

flow velocity, 

position of valve 

 

 

tank flow model,  

name of fluid, 

height of tank, 

cross-sectional free area 

of tank, 

elevation of connection 

point from bottom 

pressure,  

temperature, 

enthalpy, 

liquid level 

 

combination connection points 

combined components 

- 

 



151 

 

  

Table 21. Basic control and analogue component modules in the Apros symbol library, and 

their graphical symbols and main functions applied in the configured model (Apros manual). 

control/analogue 

component 

symbol 

control/analogue 

component name 

usage/purpose 

 

PID controller Can be used to simulate both analogue and 

discrete controllers. Apros includes several 

different control algorithms and operation 

options. Operation modes: manual, 

automatic, forced control, remote output 

mode (second and third modes used in the 

configured model).  

 

actuator 

(pneumatic 

control valves and 

speed controlled 

pumps) 

Used as an interface from control and logic 

circuits to process devices. Automatically 

defines the appropriate variable (calculation 

level component and attribute) to be 

controlled.  

 

set point Set point generator in control circuit. 

 

measurement 

(general; used to 

measure gas mass 

fraction) 

 

 

Used as an interface from process variables 

to control circuits. The component has both 

scaled and non-scaled analogue output 

signals. The measured process component 

depends on the measured attribute.  

 

Corresponding specified measurement 

components for difference, flow, level, 

pressure and temperature are used in the 

configured model, too. 

 

limiter Used in the configured model both to limit  

the output signal to a predefined range 

between the upper and lower limit for the 

input signal and to force the controller to 

use a certain set point when the limiter input 

is smaller than the set point of the limiter.  

 

polyline xy Used in order to form the n-point cross line 

curve between two variables. The cross line 

curve is defined be given as xy coordinate 

pairs.  
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timer Measures time and gives time, remaining 

time and maximum time as its output. Timer 

can be reset and switched off. 

 

value transmitter The input value from the input component 

is multiplied with a coefficient and a bias is 

added and the value is written to the output 

module. 

 

general function Can be used to calculate square roots, 

absolute values, logarithms, exponentials 

and trigonometric functions. 

 

derivator Used to indicate rapid changes in some 

variables. Parameters used to determine the 

step response of the module are derivation 

time and gain. 

 

analogue switch Selector for two analogue signals.  

  

adder For adding and subtracting analogue 

signals. Input signals are multiplied by a 

given coefficient before they are added or 

subtracted. 

 

multiplier For multiplication of analogue signals. Input 

signals can be biased by a given coefficient 

before the multiplication. 

 

divider For division of two analogue signals. Input 

signals can be biased. 

 

mean value For calculation of average value of input 

signals.  

 

gain/multiplier For multiplying and adding biases to input 

signal. 

  

analogue  

input/output 

Analogue input or analogue output. 
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In the configured solar field model in Apros, the plant controls are implemented with 

PI (proportional-integral) control loops. They are standard in the industry and most 

engineers are familiar with them (Feldhoff et al. 2014 b). The general form of the 

output of a PID (proportional-integral-derivative) controller, i.e. the control input to 

the plant, is shown in equation (30). A corresponding control loop with PI controller 

is shown in Figure 77. The actual output 𝑦m(𝑡) is measured and the tracking error 

𝑒(𝑡) is calculated by comparing it to the set point value 𝑦r. The error signal is sent to 

the controller, and the controller calculates the integral of this error, and also the 

derivative if the derivative part is used. The control signal 𝑚(𝑡) to the plant in the 

case of PI controlled loop is the proportional gain 𝐾p times the magnitude of the 

error plus the integral gain 𝐾i times the integral of the error. If the derivative part is 

used, the derivative gain 𝐾d times the derivative of the error is added to the equation. 

The control signal is sent to the plant, a new controlled variable 𝑦m(𝑡) is obtained 

and the new error signal is found. (Control Tutorials for Matlab & Simulink)   

 

 𝑢(𝑡) = 𝐾p𝑒(𝑡) + 𝐾i ∫ 𝑒(𝑡) 𝑑𝑡 + 𝐾d
𝑑𝑒

𝑑𝑡
              (30) 

 

where 𝑢(𝑡)  is the control signal (m(t) in Figure 77) 

𝑒(𝑡) is the error between the set point and the actual output  

(𝑦r and 𝑦m(𝑡) in Figure 77)   

 𝐾p  is the proportional gain 

 𝐾i  is the integral gain 

 𝐾d  is the derivative gain  
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Figure 77. Structure of a single PI control loop, where yr is the set point, ym(t) is the 

controlled variable, e(t) is the error between the two signals, and m(t) is the control signal 

(Valenzuela et al. 2006, 5). 

 

PI controllers are used in many control loops in the CSP field model in Apros, and 

proportional gain and integral gain parameters are adjusted according to situation. In 

general, proportional controller impacts the rise time and steady-state error, reducing 

them. The integral controller eliminates the steady-state error, but the transient 

response may come more slowly. As proportional and integral controllers may cause 

overshooting, the usage of a derivative controller would increase the stability of the 

system, reduce overshooting and improve the transient response features. (Control 

Tutorials for Matlab & Simulink)    

 

Also, cascade control loops with PI controllers are applied in certain cases in the 

control system of the configured solar field model in order to achieve a fast rejection 

of disturbances. The simplest cascade control system is composed of inner and outer 

control loops, as demonstrated in Figure 78. Controller 𝐶1 in the outer loop is the 

primary controller, as the controller 𝐶2 in the inner loop is the secondary controller. 

𝐶1 adjusts the primary controlled variable 𝑦1 by giving a set point for the inner 

control loop. The purpose of 𝐶2 is to reject disturbance 𝑑2 before it propagates to 

plant 𝑃1. In cascade control loop, the inner loop must be tuned to have a faster 

response than the outer loop. (MathWorks)     
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Figure 78. Simple cascade control loop composed of outer and inner loop, both applying PI 

controllers. 𝐶1 is the primary controller, 𝐶2 is the secondary controller, 𝑦1 is the primary 

controlled variable and 𝑦2 is the reference variable. (MathWorks) 

 

4.3.3 Development of solar field layout and control system 

Solar field and its control system are configured on a generic diagram in Apros. As 

explained previously, the model is composed on a multi-level and in the main level 

only the field layout including collector row, recirculation and field control system 

are shown. This chapter explains which principles are followed in model 

development and how the control system works. The main focus in this thesis is on 

module development, but one simple variation of control system applying 

recirculation control mode is created to test and study field functions. It must be 

noted that, despite different control modes (recirculation, once-through and injection) 

there are a lot of variations in the possibilities to control the plant during start-up, 

normal operations and shut down, all of which are influenced by changes in 

irradiation. 

 

The configured Apros solar field model is composed of 16 evaporation modules and 

6 superheating modules, but the number of these is easily changed. The configured 

plant layout differs partly from the layout presented in Figure 17 by Novatec Solar, 

as the model is configured in order to be either connected flexibly in different parts 

of conventional power plant to form a hybrid plant, or to be used as stand-alone 

power plant as well. Only one solar collector row is also configured, whose inlet and 

outlet flows can then be multiplied according to the number of total rows. Figure 79 
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shows a simplified layout of the solar field, which is supposed to be connected to a 

hybrid power plant. Control valve to solar field represents the valve which is located 

at the inlet of each collector row in order to control pressure drop and mass flow 

according to irradiance conditions. The outlet pipe after the last superheating module 

represents the outlet of each collector row. The same diameter both for the feedwater 

line and outlet flow line is given as for the receivers, as only one collector row is 

modelled. In the configured model, an additional small-volume buffer tank/separator 

is installed after the superheater in order to assist in the plant start-up procedure; 

during start-up, water/steam is led from separator tank into the superheater to help 

warming up of the superheater and to avoid overheating, and in the buffer tank 

received water/steam is recirculated back to the separator tank. In Novatec Solar’s 

model, the recirculation flow from each collector row is returned all together to the 

feedwater line, as in the configured model they are returned separately to each 

collector row due to modelling of only one single collector row and multiplying it to 

form the total solar field. Nevertheless, that does not affect the share of recirculation 

flow of the total field inlet flow. The model could be configured so that the total 

amount of recirculation flow is returned to the feedwater line by including additional 

multipliers in the model. Also, the additional buffer tank could be modelled so that 

there would be only one common tank for all the collector rows. The pump in the 

feedwater line in Figure 79 represents a feedwater pump, and in the Apros solar field 

model based on a multiplication of collector rows, each row technically has its own 

pump instead of only one common pump as in Figure 17. As only one collector row 

is modelled at this point, the examination of hot and cold end header pipe behaviour 

is not possible within this model configuration. Figure 80 shows the field layout 

given by Novatec Solar, in which balance borders obtained in the Apros model are 

marked.     
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Figure 79. Simplified field layout of the Apros solar field model.  

 

 

Figure 80. Balance borders of the configured solar field model in Apros marked with dashed 

red line in the solar field layout figure given by Novatec Solar. Modified from (Bachelier 

2013). 
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Novatec Solar’s solar field model applies a direct-return piping layout, as shown in 

Figure 80. Header pipings, especially the length of the hot end header, are minimized 

so as to avoid thermal losses. In Figure 79, the recirculation line shown has the 

length of the evaporation section. Parallel collector rows suffer pressure losses 

between their inlets, and for that reason a control valve must be used at each inlet to 

balance flow rates. In the Apros model, this effect is not seen, as only one collector 

row is modelled.  

 

There is an additional buffer tank installed in the configured Apros model, which 

could be further developed to better assist in balancing plant control and helping 

plant start-up, for example, similar to the model in (Hirsch & Eck 2006). In (Hirsch 

& Eck 2006) studies on plant start-up procedure for a parabolic trough solar field are 

shown, applying direct steam generation and a recirculation control mode. The field 

includes a buffer tank located after the separator, a drainage line from separator to 

buffer tank and a connection line from live steam header to buffer tank, as shown in 

Figure 81. A connection line is utilized during the start-up procedure so as to create 

global recirculation to preheat the system. A similar buffer tank could be utilized in 

the Apros model as well. In the current model, the steam separator has a larger 

volume to create stability in operations and to assist in plant start-up and during 

transients. Nevertheless, this is not reasonable, as a similar separator is used in every 

collector row.      
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Figure 81. Parabolic trough DSG field including an additional buffer  tank to assist in the 

plant start-up procedure and to stabilize operations (Hirsch & Eck 2006, 136) 

 

In the Apros solar field model, several control loops are obtained to first produce 

saturated water/steam mixture at the desired temperature, pressure and steam mass 

fraction and further produce superheated steam at the desired temperature and 

pressure under varying solar irradiation conditions. The outlet of the evaporation 

section is controlled with a mass flow control at the collector row inlet and the outlet 

of the superheating section is controlled with injection coolers between the 

superheating modules (in this model three are used). Injection coolers are used 

instead of defocusing/focusing in the superheating section in order to allow maximal 

energy output. The separator tank level is controlled with recirculation flow rate, 

which in turn affects the share of recirculation flow of total evaporator inlet flow. 

The length of the collector row sets challenges for controlling fluid properties due to 

time delays, especially during disturbances. Within the thesis simple control system 

created applies similar control strategies in start-up and shut down procedures, and 

separate start-up and shut down sequences must be developed in the future, including 

the option for reflector focusing/defocusing, in order to make the procedures more 

optimal. In Apros, the control loops used consist of both regular PI controls, forced 

controls and cascade controls, which are shown in Table 22. The control loop type 

applied, controlled component and set point for each control loop are shown in Table 

23. The set point for steam mass fraction at the evaporation outlet is set to 𝑥 = 0.75 

instead of 𝑥 = 0.80 to reduce the risk of superheating in the evaporation section, as 
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the time delay for the control loop is long. Values for proportional and integral gains 

are not shown on this occasion, as they are very case-specific. 

 

Table 22. Control loops to control steam production in the Apros solar field.  

control loop 
purpose method 

evaporator 

inlet flow; 

lower 

control 

adjusts the inlet mass flow 

to produce water/steam 

mixture at desired 

conditions at the evaporator 

outlet 

required mass flow to produce selected 

water/steam mixture at the evaporator 

outlet calculated from desired outlet 

enthalpy, measured inlet enthalpy and 

evaporator power, and adjusted by 

valve position (position output 

minimum given) 

evaporator 

inlet flow; 

upper 

control 

adjusts the inlet mass flow 

to produce water/steam 

mixture at desired condition 

at evaporator outlet 

measured steam mass fraction at 

evaporator outlet controls coefficient, 

which modifies the calculated required 

mass flow (for example 0.9-3.0) 

feed water 

start-up/ 

shut down 

stops the feedwater flow for 

the night 

feedwater pump works when DNI on 

the horizontal surface is greater than, 

for example, 100 W/m
2
 

recirculation 

flow 

keeps separator tank level in 

desired range 

recirculation flow adjusted by the 

control valve according to tank level; 

set point 4.0 m (position output 

minimum and maximum given to 

prevent too rapid a change in tank 

level); during low irradiation 

conditions (for example under 300 

W/m
2
 on the horizontal surface) valve 

forced to certain position 

recirculation 

flow start-

up/ 

shut down 

stops the recirculation flow 

for the night 

recirculation pump works when DNI 

on the horizontal surface is greater 

than for example 20 W/m
2
 

recirculation 

and 

feedwater 

flow 

pressure 

difference 

keeps pressure 1 bar higher 

in recirculation line than in 

feedwater line to ensure 

flows 

pressures in both lines measured and 

compared and valve position in 

feedwater line adjusted accordingly 

(position output minimum given); 

when the position of the recirculation 

valve is smaller than the defined limit, 

forced, for example, to a position of 

0.45 

superheater 

inlet flow 

lets the fluid (water/steam 

during start-up and shut 

down, and steam during 

normal operation) from 

separator to superheater at 

desired field conditions 

 

control valve opens, when steam 

temperature after the first superheater 

collector is for example 305 °C 
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superheater 

recirculation 

flow 

helps warming up of 

superheater during start-up, 

and used during shut down 

as well 

recirculation from superheater outlet 

back to separator tank is implemented 

by pump and control valve when there 

is inlet flow into the superheater and 

desired conditions at the superheater 

outlet are not achieved 

injection 

flows; 

primary loop 

ensures stable and desired 

steam conditions at the 

superheater outlet 

controlled temperature after the 

collector is measured and set point of 

the secondary controller adjusted 

accordingly 

injection 

flows; 

secondary 

loop 

ensures stable and desired 

steam conditions at the 

superheater outlet 

adjusted injection flow measured and 

adjusted in order to ensure steam 

temperature defined in the primary 

loop 
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Table 23. Control type, controlled component and set point for each control loop in the 

Apros solar field model. 

control loop 
control loop type/ 

controlled component 

set point 

evaporator inlet 

flow; 

lower control 

PI/control valve calculated required mass flow to 

produce water/steam at evaporator 

outlet at 𝑇 = 300 °𝐶 and 𝑥 = 0.75 

evaporator inlet 

flow; 

upper control 

PI/control valve 𝑥 = 0.75 at evaporator outlet 

feed water start-

up/ 

shut down 

PI/basic pump DNI on horizontal surface is  

100 W/m
2
 

recirculation flow PI/control valve separator tank level is 4.0 m; 

during low irradiance conditions (limit 

given) valve position set point 0,1 

recirculation flow 

start-up/ 

shut down 

PI/basic pump DNI on horizontal surface is 20 W/m
2
 

recirculation and 

feedwater flow 

pressure 

difference 

PI/control valve 1.0 bar; 

when position of recirculation line 

valve small enough (limit given) valve 

position set point 0.45 

superheater inlet 

flow 

PI/control valve 𝑇 = 305 °𝐶 after first superheater 

module 

superheater 

recirculation flow 

PI/control valve and 

basic pump 

𝑇 = 305 °𝐶 after first superheater 

module 

injection flows; 

primary loop 

cascade/control valve 𝑇 after controlled superheater module 

injection flows; 

secondary loop 

cascade/control valve output of the primary controller 
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4.4 Solar field operations 

Solar field daily operations can be divided in three parts according to solar irradiation 

conditions (Figure 82): 

 

1. Start-up 

2. Normal operation 

3. Shut down 

 

 

Figure 82.  Daily irradiation both on the horizontal and tilted surface when linear tracking is 

applied, and division between start-up, normal operation and shut down periods of the field. 

The limit values between different periods are only examples. The data is simulated with the 

Solar Radiation and Solar Irradiation Processor modules in Apros at an example location at 

example date with a Linke turbidity factor of 3. 
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Normal operations can include situations from constant irradiation to very disturbed 

irradiation. This chapter briefly describes the control concept applied in Novatec 

Solar’s field design in all three cases and how the controls are obtained in the current 

Apros solar field model. The current controls in Apros are preliminary to test the 

proper function of the created components. They are easily modified and made more 

sequence-like in order to test different control systems. 

 

4.4.1 Start-up procedure 

Before focusing the reflectors in the morning recirculation pumps start to pump 

water through the collector rows to ensure good heat transfer and to prevent local 

overheating. The level of the separator tank changes rapidly during start-up so that 

the tank level control system must work properly. (Hautmann et al. 2009, 7) In the 

current Apros model recirculation is started before warming up of water in the 

receivers starts, and feedwater pump starts to pump new water to the field soon after 

that. Steam extraction from the feedwater tank to the superheating section starts 

when a certain state is achieved in the superheater, and recirculation from the 

separator tank located at the end of the superheating section back to separator tank 

between evaporator and superheater is continued until desired superheater outlet 

conditions are achieved. 

 

4.4.2 Normal operations 

There are many different ways to control the solar field during normal operations, the 

purpose of the control system being to maintain the desired steam parameters and 

desired separator tank level under varying irradiation conditions. Novatec Solar has 

shown that the control of the direct steam generation even during transient situations 

is an easily managed problem (Hautmann et al. 2009, 7). Apros is a useful research 

environment to implement different control systems, and the current one will be 

further developed to better take into account time delays in the long collector rows. 
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4.4.3 Shut down procedure 

The shut down procedure of the solar field is easy, as once the steam flow with 

sufficient parameters ends, after a short time the recirculation pumps and other 

equipment are shut down for the night (Hautmann et al. 2009, 7). In the Apros model 

the shut down procedure is implemented so that first feedwater pump bringing cold 

water to the field is shut and the recirculation pump once the steam generation 

quickly decreases. As explained before, in the current model start-up and shut down 

procedures similar control strategies with simple PI controls are applied, and thus the 

current procedure is not fully optimally controlled.    

 

4.5 Model validation and preliminary simulation results 

New solar field components configured in Apros are implemented according to 

available information about Novatec Solar’s non-vacuum Nova-1 collector and 

vacuum SuperNova collector. The results between the simulated IAM and thermal 

output values of configured components and analytically according to equations 

calculated corresponding values are already compared in Chapter 4.3.1, and observed 

results show good consistency. Test data from an existing solar field would be 

needed to properly validate the whole solar field model including similarly adapted 

control system than applied in a real solar field. Evaluation of the model could also 

be done at some level in a pretty simple way by compering performance results of a 

collector row with simulation results gained with another simulation software. In that 

case, the dimensions and parameters of the collector row and boundary conditions 

must be carefully set to correspond.  

 

A preliminary comparison between simulation results gained in Apros and by 

Novatec Solar’s publicly available results could be made, for example, based on the 

results shown in Figures 83 and 84, but the problem is a lack of available input data; 

used collector inlet temperatures and ambient temperature. When comparing Figure 

84 with Figures 68 and 69, it can be noticed that analytically calculated steady-state 

thermal efficiency values in those figures are generally at a higher level than the 

simulated annual average values in Figure 84. Nevertheless, the figures are not 
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comparable unless it is known what exactly is included in thermal efficiency 

calculations by Novatec Solar in this case and what the annual average DNI is in the 

location of the simulations.  

 

 

Figure 83. Heat losses of Nova-1 and SuperNova collectors as a function of outlet 

temperature according to Novatec Solar (Selig & Mertins 2010, 7). 

 

 

Figure 84. Thermal efficiency of Nova-1 and SuperNova collectors as a function of outlet 

temperature according to Novatec Solar (Selig & Mertins 2010, 8).  
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In Figures 85-88 below and in Appendixes 4-6 are shown preliminary Apros 

simulation results with the configured superheating steam producing linear Fresnel 

model. Simulations have been made at the location of Puerto Errado 1, where 

Novatec Solar’s technology is implemented. Simulations were made on March 21
st
 

i.e. at equinox and June 21
st
 i.e. at summer solstice in order to test plant behaviour 

under different irradiation conditions. The geometric coordinates are set in Apros so 

that North is positive and South is negative, and longitudinal coordinate is always 

given positive measured to East. Simulations are carried out under clear sky 

conditions taking into account Linke turbidity factor. The feedwater pressure was in 

this case set to 3 MPa and the temperature to 30 °C. Simulation results were exported 

from Apros with a time step of 1 second and imported to Matlab in order to draw the 

figures presented. Collector dimensions and parameters as well as control system 

shown in Chapters 4.2 and 4.3 are applied. Table 24 shows geometric coordinates for 

the PE 1 power plant and the monthly average Linke turbidity factor for both 

simulated months.  

 

Table 24. Geometric coordinates and Linke turbidity factor for simulated CSP field location 

(NREL 2013; Soda; TWCC). 

reference plant 
Puerto Errado 1,  

Spain, Calasparra 

latitude [deg. min. sec.] 38°16´42.28´´ N 

latitude [dec. deg.] 38.278411°N 

longitude [deg. min. sec.] 1°36´1.01´´ W 

longitude [dec. deg.] 1.6002805 °W 

358.3997195 °E 

standard meridian longitude 360 °E 

Linke turbidity factor March: 3 

June: 4  
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Figure 85 shows direct normal irradiance both on horizontal and tilted surface on 

June 21
st
 and on March 21

st
 at the location of the Puerto Errado 1 CSP plant. The 

hole at noon in the curve for DNI on the tilted surface on March 21
st
 can be 

explained by increased longitudinal incidence angle in March compared to June. 

     

 

Figure 85. Direct normal irradiance on the horizontal surface (blue) and on the tilted surface 

(green) on June 21
st 

(solid line) and on March 21
st 

(dashed line). 

 

Figures 86 and 87 show pressures and temperatures at the superheater inlet and 

outlet. In particular, superheated steam outlet conditions are interesting, as the stable 

outlet state tells us about the stable plant control system. Appendix 4 shows 

corresponding figures for water at the evaporator inlet and water/steam mixture at the 

evaporator outlet. It should be noted that, both in the case of evaporator and 

superheater, stable outlet conditions can be achieved although inlet conditions can 

vary. Superheater inlet temperature is same as evaporator outlet temperature and in 

this case is stable due to the working control system, but could also vary, if the 

evaporator outlet temperature could not be kept stable due to intermittent irradiation. 

Only during field start-up there exists notable oscillation in superheater outlet 

temperature. In Figure 87 and in the corresponding figure in Appendix 4 can be seen 

the night time cooling of the solar field.  
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Figure 86. Pressures at the superheater inlet (blue) and outlet (green) on June 21
st
 (solid line) 

and March 21
st
 (dashed line). 

  

 

Figure 87. Temperatures at the superheater inlet (blue) and outlet (green) on June 21
st
 (solid 

line) and March 21
st
 (dashed line).  
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Figure 88 shows thermal power separately both for the evaporation section and 

superheating section on both dates investigated.  

 

 

Figure 88. Thermal power of the evaporation section (blue) and superheating section (green) 

on June 21
st
 (solid line) and March 21

st
 (dashed line).     

 

In addition to the figures presented earlier, in Appendix 5 can be found figures 

presenting solar field inlet flow including both recirculation flow and feedwater flow, 

superheated steam flow after the buffer tank, recirculation flow and separator tank 

level for both dates investigated, and in Appendix 6 is shown steam quality after 

evaporation section before the separator tank for both dates. It can be concluded in 

the figures that in both cases investigated experiencing different irradiation 

conditions, stable superheated steam pressure and temperature can be reached at the 

superheater outlet, which tells us about stable control systems. While steam 

properties are maintained at the field outlet, the amount of steam and thermal power 

produced by the collector modules varies.     

 

 

 

 



171 

 

  

5 DISCUSSION AND CONCLUSIONS 

In Chapters 2 and 3 general information about concentrated solar power is given, and 

current status and development state of different CSP technologies and designs is 

reviewed and these are compared to each other.  Based on review and comparison 

one technology is selected to be further studied and modelled in the Apros dynamic 

simulation software. The linear Fresnel solar field design, developed and patented by 

German Novatec Solar, was selected to be further studied and developed in Apros. 

The development process of the configured Apros solar field model including 

performance calculation, field layout and control system, potential validation 

processes of the model and preliminary simulation results is shown in Chapter 4. In 

this chapter, the model development process and simulation results are discussed and 

evaluated, as well as the future development needs of the model. Also, Apros 

features, that are essential from the CSP modelling point of view in the future, are 

discussed.   

 

Novatec Solar’s linear Fresnel technology was selected to be modelled in Apros as 

enough information from the model development point of view was available, and as 

the technology is already technologically viable and further developed. Historically 

the parabolic trough has been researched more than other technologies, which has led 

it to be a more mature and more utilized technology than the other ones. It has been 

used as a reference CSP technology since the first SEGS plant was built in 1985, but 

in recent years the linear Fresnel reflector and solar tower technologies have also 

gained much attention (Rinaldi et al. 2014, 1492). Though the linear Fresnel system 

suffers from lower optical and thermal efficiency than the other line focusing CSP 

technology, the parabolic trough, it can be a competitive technology in large-scale 

heat and electricity generation. Drawbacks in efficiency can be compensated for by 

lower cost components and by the fact that state-of-the-art Fresnel systems are able 

to achieve high temperatures with reduced heat losses by the usage of vacuum 

receivers, these phenomena resulting in their providing a potential for higher 

performance of the plant and for cost reduction. (Morin et al. 2012 a, 1-2; Zhu et al. 

2014, 640, 644) Linear Fresnel technology is at an early commercialization phase, 
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and for that reason little cost data is available to be compared to parabolic trough 

technology (Morin et al 2012 a, 3). 

 

The Apros solar field model was developed according to Chapter 4 based on publicly 

available information about the collector performance calculation procedure, 

collector dimensions and layout of the field. Only one collector row is modelled in 

Apros and in simulations the results are multiplied according to the number of 

collector rows in the field. Only one collector row is modelled at this point of the 

model development work in order to make the model flexible in different situations 

with only minor model modifications. The drawbacks of this model configuration 

approach are that feedwater and recirculation pumps are needed in every collector 

row, the detailed examination of hot and cold end headers is not possible and, for 

example, pressure and temperature losses in headers are not taken into account. By 

using separate multiplication coefficients for feedwater and recirculation flows, the 

total amount of those flows in the solar field could be taken into account, but these 

are not used in this case, as it does not affect the share of flows, and the electricity 

consumption of applied pumps is not studied in this thesis.  

 

As the interest of this thesis is in the solar field, only the field was configured and 

investigated, and in the future will be coupled with different conventional plants to 

form a hybrid plant. Pressure and temperature boundary conditions had nevertheless 

to be given for all the inlets to the field and outlets from the field, such as feedwater 

flow, injection flows and superheated steam flow. Boundary conditions were given 

by excluding points from the simulation and defining them. This caused stable 

boundary conditions, although in reality, for example, inlet pressure and temperature 

can vary, as well as the need for outlet pressure and temperature. When coupling the 

field in other power plants, there must be a control valve added at the superheater 

outlet line after the buffer tank.                 

 

 

 

 



173 

 

  

The main purpose of the thesis was to configure solar collector modules to be used in 

the solar field models. However, a control system is needed in order to test the 

model’s functionality. At this early point of the model development work, simple PI- 

and cascade control loops were implemented in the model. These control loops work, 

for example, as a function of irradiation level, temperature or steam quality. Start-up 

and shut down procedures apply similar control strategies, as separate sequences for 

the procedures are not yet implemented. The challenge in plant control is long time 

delays, especially under transient conditions. Performance of the User components 

configured in Apros is shown already in Chapter 4.3.1 to be excellent, corresponding 

to the reference literature values and analytically calculated results.  

      

Simulations were obtained in two different cases for a full 24 hours in order to test 

the behaviour and functionality of the configured model. The simulations were made 

on June 21
st
 and March 21

st
 at the location of Puerto Errado 1, which applies Novatec 

Solar’s linear Fresnel technology. The simulations were carried out under clear sky 

conditions taking into account monthly average Linke turbidity factors; no transient 

effects were taken into account at this point. Simulation results are presented in 

Figures 85-88 and in Appendixes 4-6. It can be seen that stable steam conditions both 

in the evaporator and superheater outlet can be achieved during normal operation. It 

can be concluded that implemented plant control system is working reasonably 

already at this point of the plant control development under clear sky conditions. 

Because of the usage of a buffer tank at the superheater outlet and recirculation 

between the separator tank and buffer tank during start-up and shut down procedures, 

temperature and power peaks and high gradients can be avoided in the superheater 

receiver tubes. Similar steam conditions were achieved on both dates investigated, 

but the amount of produced steam and achieved thermal power was smaller in March 

compared to June, as the irradiation level was lower. Applied direct steam generation 

sets challenges for plant control as both steam temperature and pressure must be 

controlled in order to maintain the desired steam conditions at the field outlet, 

compared to the use of thermal oil or molten salt, when only temperature control by 

varying inlet mass flow is needed (Valenzuela et al. 2006, 5).  
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Appendix 4 shows that the temperature at the evaporator inlet varies between 

approximately 90 °C and 275 °C during the day. That can be explained by the 

variation in the share of saturated recirculation flow into the solar field and new 

colder feedwater flow into the solar field. In this case, the pressure and temperature 

of feedwater were 3 MPa and 30 °C, though they are case-specific depending on 

from which point of the conventional power plant the water is taken in the case of 

hybrid plant and on condensate pressure and temperature in the case of stand-alone 

CSP plant. In Appendix 5 in the figure presenting the recirculation flow and 

separator tank level, the effect of the tank level control loop can be noticed; when the 

tank level is regulated upwards, the recirculation flow is decreased and the 

evaporator inlet flow temperature decreases as well, as it is mainly determined by the 

feedwater flow temperature. Rapid changes in evaporator inlet temperature create a 

challenge for the control loop for steam quality at the evaporator outlet. Steam 

quality is controlled by the evaporator inlet flow rate by means of from inlet and 

outlet enthalpy and the collector thermal power calculated required mass flow and 

measured steam quality. The rapid changes are prevented by tuning the tank 

level/recirculation flow rate control loop to be slow. Because of a long time delay 

due to the total length of the receiver tubes, in the reference case 716.8 m, the control 

for steam quality is hard to tune. This challenge can be seen in Appendix 5 in the 

figure presenting field inlet flow and in Appendix 6 in the figure presenting steam 

quality; both values start to oscillate, especially in the simulation case for June. 

Recirculation flow oscillates during start-up and shut down, because the pressure in 

the connection point of recirculation flow and feedwater flow is unstable.         

 

The separator tank level can be seen to differ more in June under higher solar 

irradiation conditions than in March; the change in level in the simulation case for 

June is approximately one and a half metres over 24 hours. In the tank level curve it 

can be observed, that the tank level tends to decrease rapidly and the control 

overshoots, but it takes more time to increase the level. The tank implemented also 

has too large a volume when taking into account the fact that a similar tank is used in 

every collector row. A large tank was selected in order to stabilize plant controls. 

When, in the future, more effort is put into tank level control loop tuning and buffer 
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tank is also utilized during normal operations to balance controls, the size of the 

separator can be significantly reduced.    

 

In the configured Apros solar field model for the linear Fresnel reflector there are 

some occasions causing uncertainties or faults in the simulations that need to be 

further studied and developed in the future. In Figure 87 and in the figure for 

evaporator temperatures in Appendix 4 can be seen the night time cooling of the 

collectors due to temperature losses, when losses exceed input energy into the 

receivers. In Apros, the net thermal energy gained, i.e. the losses at night, are 

calculated in the User components for Nova-1 and SuperNova collector performance 

and transferred into heat transfer fluid with the equation given in Table 17, by 

transferring the energy first into nodes of the heat pipe and then into HTF. The 

temperature at the inlet and outlet of each receiver tube is measured, and these values 

are again used to calculate temperature-dependent heat losses. During the 

simulations, it was noticed that errors might occur in the water/steam cooling in the 

receiver tubes, when there is no mass flow in the tubes during the night. There is 

always some fluctuation in water/steam in the tubes during a situation without real 

mass flow, and that enables the cooling at the moment. This phenomenon must be 

further studied and compared to the possibly available information about the subject, 

and if necessary the calculation in Apros must be modified. At the moment, only heat 

losses in the receiver tubes are taken into account in the Apros solar field model. 

Another remarkable source of heat losses is the hot end header, which should also be 

taken into account in the future, as well as other pipings in the field.    

 

As explained before, start-up and shut down of the solar field apply similar control 

strategies and controls are mainly based on the control needs during normal 

operations, and consequently, start-up and shut down procedures are not working 

optimally yet. These features will be improved in the future by clearly dividing daily 

field operations into three parts (start-up, normal operations and shut down) and by 

creating separate sequences for start-up and shut down. Also, special cases, as for 

example start-up during low irradiance conditions, must be considered.  
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There are many features related to concentrated solar power that Apros enables to 

add into the configured model in future model development work. Transient 

irradiation conditions varying between collector rows can be created by simulating 

several collector rows and by including transients in the Solar Irradiation Processor 

module. When including transient conditions in the model, the plant control system 

must be carefully considered from the point of view of time delays, as the 

significance of a properly working control system is emphasized even more. In the 

future for example “gain scheduling” could be adapted in the PI controllers in order 

to improve controller performance. The results of this controller design adapted in a 

once-through boiler have been presented in (Feldhoff et al. 2014 b). In the controller 

design shown, controller gain and integration time are adapted according to inlet 

mass flow and irradiation from pre-calculated values. Step responses of the system 

must be worked out in order to create a “gain scheduling” design for the PI 

controllers. (Feldhoff et al. 2014 b, 1) This kind of control design is able especially 

to improve start-up and shut down procedures. Also, the possibility to acquire real 

measured irradiation data and predicted irradiation data from partner companies in 

the future will help to develop a model predictive control (MPC) system, which 

could better assist in challenging plant control having long time delays and 

transients. The current Apros solar field model does not have the possibility of 

control outlet steam temperature and start-up procedure by focusing/defocusing of 

the mirrors. That feature is, however, quite possible to adapt in Apros, and will be 

done in future development. 

 

Validation of the configured Apros model for Novatec Solar’s linear Fresnel field 

design is an important next step in the model development process. As explained in 

Chapter 4.5, a comparison between Apros steady-state simulation results for certain 

User components and analytical results has been done, and shows good consistency. 

However, it would be appropriate to do the whole model covering dynamic 

validation process, but it is challenging with a lack of real irradiation and field 

performance data from the corresponding solar field. Thus, the second option, 

comparing simulation results from Apros with results from another dynamic 

simulation software with predefined boundary conditions, will be carried out. 
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Solar field component and control system development will be continued in Apros 

based on the know-how and experience gained and lessons learned within the LFR 

field model development in this thesis. In general, the next steps in solar field model 

development in the near term will be to introduce molten salt fluid properties to 

Apros, configure LFR solar field based on molten salt, compare the results with the 

current DSG-based design and investigate the suitability of both designs to different 

hybrid connections. Thermal energy storage based on molten salt will be configured 

and connected to both field designs. Also, short term steam storage will be 

implemented in the DSG solar field. One future project will also concentrate on the 

once-through solar field model, as Apros is seen to be a very useful tool to examine 

control phenomenon in that case. In the future, more know-how about reliable solar 

field control systems and special operation cases, such as start-ups in different 

situations, will be obtained in order to implement those in Apros solar field models 

and carry out further research.         

 

The main challenge in solar energy utilization is its variability over the day caused 

by the natural variation from sunrise to sunset and transients due to clouds. As a 

result of thermal inertia of the field and the ability to dispatch generation with 

thermal energy storage, CSP technology is able to cope with transient conditions. In 

order to find the best ways to operate and control solar field, and to study transient 

behaviour of the field, dynamic simulation tools are of great importance. (Rodat et al. 

2014, 1502) Apros as a dynamic simulation program is shown in this thesis to be a 

capable and flexible tool for solar field model development and dynamic simulations 

to study plant operations and field behaviuor. Especially Apros has features that 

support the development and testing of different solar field control systems and 

flexible adaption of different field designs.   
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6 SUMMARY 

This Master’s Thesis “Comparison of Different Concentrated Solar Power Collector 

Designs and Development of Linear Fresnel Solar Collector Model” has been 

produced as a part of Master’s degree studies of LUT Energy Department at 

Lappeenranta University of Technology, and for VTT Technical Research Centre of 

Finland. The time period for the research work was from June 2014 to December 

2014. Concentrated solar power technology is quite a new research area both at VTT 

and in Finland in general, and the thesis is a part of in the initiation of this research 

area at VTT.    

 

Concentrated solar power as a renewable energy technology has been considered to 

be one option to overcome global problems related to increasing amounts of fossil 

fuel emissions, a possible increase in fossil fuel prices and increasing energy 

demand, and has consequently been the subject of a great deal of interest and 

research. The first commercial CSP plant was established in the 1980s in California, 

and is still in operation and kept as a reference CSP technology. According to the 

International Energy Agency’s Solar Thermal Electricity Technology Roadmap, CSP 

deployment is about 4 GW in 2014, though the capacity growth has not been as fast 

as expected in the initial Roadmap in 2010 and slower than the growth of 

photovoltaics. Leading countries in CSP installation are Spain, the USA and China, 

though there are many potential future areas for CSP technology implementation. 

Direct normal irradiance of 2,000 kWh/m
2
/yr is kept as a limit value for a suitable 

region for stand-alone CSP plant installation, as the best potential CSP sites can 

receive over 2,800 kWh/m
2
/yr irradiation. The advantage of concentrated solar 

power is the ability to dispatch electricity generation to nights and cloudiness periods 

with thermal energy storage integration, as it produces thermal energy before 

producing electricity. CSP system also has the possibility to be integrated into 

conventional power plant and to be used for concentrating solar fuel production.                                 
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The challenge in CSP production is the transient nature of solar irradiation. Also, 

different operational modes of CSP plant, such as solar field start-up and shut down 

procedures and storage charging and discharging operations, make solar field 

operations challenging and a proper solar field control system is needed. Dynamic 

simulation tools are needed in order to study the dynamic behaviour of the solar 

field, improve field control system and investigate new possibilities for controlling 

the field, optimizing production and managing storage operations. The Apros 

dynamic simulation program, owned by VTT and Fortum, has been seen as one 

possible tool to be used for dynamic simulations and studies of solar field behaviour.  

 

The objective of this Master’s Thesis is to gain relevant and detailed know-how 

about four existing concentrated solar power technologies, the performance 

determination of different solar fields and the modelling principles to be considered 

in order to configure a new solar field model in Apros. The configured Apros solar 

field model is based on the German Novatec Solar’s linear Fresnel reflector design 

applying direct steam generation. This design was chosen to be further investigated 

and modelled after comparing the current feasibility of different technologies and 

designs and the publicly available information of designs. The conventional power 

block was excluded from model configuration and simulations, as a high level 

knowledge of power block modelling already exists in VTT, and the aim was to 

create a solar field model, which is easily and flexibly either connected into 

conventional power plant or used as a stand-alone CSP plant. Though the main 

purpose in Apros was to configure solar field collector components including 

dimensions and performance determination, a preliminary control system was also 

created in order to test solar field functionality, acquire preliminary simulation 

results and compare those to the available results in the literature. The model 

validation at the current state of development could be carried out by means of 

comparing the performance of Apros collector components to literature values and 

analytical results.  

 

In the Apros model, only one solar collector row was configured, and in future 

simulations collector row input and output mass flows and thermal power will be 

multiplied according to the desired number of collector rows. The model was 
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configured at multi-level, as the collector performance includes a great deal of 

calculation. Performance calculation was brought into the model in the Apros User 

components with analogue signals. A comparison between collector performance 

results of configured Apros components and analytically calculated corresponding 

values shows good consistency. It can be concluded that the minor errors in thermal 

performance values calculated analytically and in Apros both for evaporation and 

superheating collectors are caused by incidence angle modifier. That is because in 

the literature only table values for incidence angle modifiers were found, and 

consequently equations representing incidence angle modifiers had to be produced 

by the author.  

 

Tests to acquire preliminary simulation results of the solar field behaviour were 

carried out under clear sky conditions at the location of Puerto Errado 1, which is a 

demonstration linear Fresnel power plant based on Novatec Solar’s design, located in 

Spain. Simulations were made for two cases; June 21
st
 and Mach 21

st
, in order to 

examine field behaviour under different irradiation conditions. All the results 

obtained were reasonable and expected. Simulated variables are listed below.  

 

 Direct normal irradiance on a horizontal surface 

 Direct normal irradiance on a tilted surface 

 Pressure at the evaporator inlet and outlet 

 Temperature at the evaporator inlet and outlet 

 Pressure at the superheater inlet and outlet 

 Temperature at the superheater inlet and outlet 

 Evaporator thermal power 

 Superheater thermal power 

 Solar field inlet mass flow 

 Superheated steam mass flow 

 Recirculation flow 

 Separator tank level 

 Steam quality at evaporator outlet before separator tank 
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In both simulation cases, the outlet steam conditions, pressure and temperature, were 

able to be maintained throughout the day, but the amount of superheated steam 

produced and the level of collector thermal power decreased in the simulation case 

for March when the irradiation level was lower than in June. No peaks in 

temperatures or thermal powers were noticed during the start-up or shut down 

procedures, thanks to recirculation in the evaporation section and start-up and shut 

down time recirculation also in the superheating section.   

 

Control loops for the field were implemented as much according to the initial design 

as was possible, restricted by the information available. Commonly used PI 

controllers were applied in the control loops. According to the results obtained, the 

control loops worked satisfactorily, as desired outlet conditions were able to be 

achieved. Due to similar control strategies applied during start-up and shut down, the 

functionality of the procedures is not yet optimal, and future work will focus on 

developing separate start-up and shut down sequences. Also, the control system 

during normal daily operations between start-up and shut down operations must be 

further developed; field control is a challenging task due to long time delays among 

long receiver tubes, and the significance of control loops will be further emphasized 

when transient solar irradiation situations are simulated. In the current control 

system, the control problem due to time delays under changing irradiation and 

changing field inlet conditions can be observed as an oscillation in field inlet flow 

and in steam quality at the evaporator outlet. Nonetheless, superheated steam outlet 

conditions can be maintained as stable. The solar field model is supposed to calculate 

night-time cooling of water in the receiver tubes due to heat losses. During the 

simulations, it was noticed, that the current model might not take into account heat 

losses at a great enough magnitude; in that case, the mistake is caused by the 

temperature-dependent calculation of heat losses and by the way the calculated heat 

is transferred into fluid. Night-time cooling of the solar field will be further studied 

and compared to the Apros results.  
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As a conclusion from the model configuration process in Apros and the results 

achieved, it can be said that Apros is a very capable dynamic simulation tool to 

develop and test new solar field models and control systems and to study the 

dynamics of the solar field. Already the control system produced showed good 

functionality and can easily be further developed. Apros already has many features 

supporting modelling of solar irradiation with its transient nature, a solar field being 

exposed to these transients, storage operations and different CSP-hybrid plant 

connections, as there are already conventional power plant models in Apros.                

 

The work on the linear Fresnel solar field model presented in this Master’s Thesis 

will continue by means of control system development, start-up and shut down 

procedure development, introduction of molten salt fluid properties to Apros and 

molten salt storage integration. Later on, also a linear Fresnel model using molten 

salt as a heat transfer fluid will be configured. The model configured in this thesis 

will also be validated by comparing simulation results to results obtained from 

another dynamic simulation program with the same model design and predefined 

boundary conditions.                    
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Appendix 1 

  

Appendix 1: CSP technology comparison 

  

Comparison of basic characteristics of different concentrated solar power technologies 

regarding their baseline state-of-the-art properties. 
*)

Upper limit if solar tower is powering 

combined cycle turbine. (IRENA 2012, 10)    

 



Appendix 2 

  

Appendix 2: CSP hybridization options into a Rankine cycle power plant  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Simplified schematic of options to integrate the CSP field into the Rankine cycle of another 

plant: 1) feedwater heating 2) high pressure steam 3) cold reheat line/steam boost (Peterseim 

et al. 2014, 180). 
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Appendix 3: Feedwater preheating system of a coal-fired power plant

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow diagram and energy balance for a 200 MW coal-fired thermal power plant including a 

seven-stage extraction system for feedwater preheating (Yan et al. 2010, 3734). 
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Appendix 4: Apros simulation results for evaporator pressures and 

temperatures

 

 

Pressures at the evaporator inlet (blue) and outlet (green) on June 21
st
 (solid line) and March 

21
st
 (dashed line). 

 

 

Temperatures at the evaporator inlet (blue) and outlet (green) on June 21
st
 (solid line) and 

March 21
st
 (dashed line). 

 

 

 



Appendix 5 

  

Appendix 5: Apros simulation results for solar field inlet flow, superheated 

steam flow, recirculation flow and separator tank level

 

 

Inlet flow to the solar field (blue; includes both recirculation flow and feedwater flow) and 

superheated steam flow from the buffer tank (green) on June 21
st
 (solid line) and March 21

st
 

(dashed line). 

 

 

Recirculation flow (blue) and separator tank level (green) on June 21
st
 (solid line) and March 

21
st
 (dashed line). 
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Appendix 6: Apros simulation results for steam quality at the evaporator outlet 

 

 

Steam quality at the evaporator outlet on June 21
st
 (solid line) and March 21

st
 (dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


