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Abstract 

The current energy scenario in the developing nations with abundant sun resource (e.g. southern 

Mediterranean countries of Europe, Middle-East & North Africa) relies mainly on fossil fuels to supply 

the increasing energy demand. Although this long adopted pattern ensures electricity availability on 

demand at all times through the least cost proven technology, it is highly unsustainable due to its drastic 

impacts on depletion of resources, environmental emissions and electricity prices. Solar thermal Hybrid 

power plants among all other renewable energy technologies have the potential of replacing the central 

utility model of conventional power plants, the understood integration of solar thermal technologies into 

existing conventional power plants shows the opportunity of combining low cost reliable power and 

Carbon emission reduction. 

A literature review on the current concentrating solar power (CSP) technologies and their suitability for 

integration into conventional power cycles was concluded, the best option was found be in the so called 

Integrated solar combined cycle systems (ISCCS); the plant is built and operated like a normal combined 

cycle, with a solar circuit consisting of central tower receiver and heliostat field adding heat to the 

bottoming Rankine cycle.  

A complete model of the cycle was developed in TRNSYS simulation software and Matlab environment, 

yearly satellite solar insolation data was used to study the effect of integrating solar power to the cycle 

throw-out the year. A multi objective thermo economic optimization analysis was conducted in order to 

identify a set of optimum design options. The optimization has shown that the efficiency of the 

combined cycle can be increased resulting in a Levelized electricity cost in the range of 10 -14 USDcts 

/Kwhe. The limit of annual solar share realized was found to be around 7 % 

The results of the study indicate that ISCCS offers advantages of higher efficiency, low cost reliable 

power and on the same time sends a green message by reducing the environmental impacts in our 

existing power plant systems. 

 



1 
 
 

CONTENTS	
 

        List of Figures                   4  

        List of Tables                                                                            6  

        Nomenclature                                                                                             7 

1  Introduction ............................................................................................................................................... 9 

1.1  Objectives ......................................................................................................................................... 10 

1.2  Approach .......................................................................................................................................... 10 

2  Background .............................................................................................................................................. 11 

2.1  Solar Radiation ................................................................................................................................. 11 

2.2  Concentration of Solar Radiation ................................................................................................. 12 

2.3  Power conversion cycles ................................................................................................................ 14 

2.3.1  Rankine power generation cycle ........................................................................................... 15 

2.3.2  Brayton power generation cycle ............................................................................................ 16 

2.4  Over View of Concentrating Solar Power Technologies .......................................................... 17 

2.4.1  Parabolic Trough (Line focus, Mobile receiver) ................................................................. 17 

2.4.2  Linear Fresnel (Line focus, fixed receiver) .......................................................................... 18 

2.4.3  Tower power systems (Point focus, fixed receiver) ........................................................... 20 

2.4.4  Dish engine (Point focus, mobile receiver) ......................................................................... 23 

2.4.5  Comparison and Development Status ................................................................................. 24 

2.5  Integration options: ......................................................................................................................... 29 

2.5.1  Water / steam tower in a natural gas fired Combined cycle ( High temperature) ........ 29 

2.5.2  Atmospheric solar tower in natural gas fired Combined cycle ( High temperature) .... 30 

3  Power cycle model .................................................................................................................................. 30 

3.1  Introduction ..................................................................................................................................... 30 

3.2  The simulation software trnsys ..................................................................................................... 31 

3.3  Component models ......................................................................................................................... 33 

3.3.1  The heliostat field ................................................................................................................... 33 

3.3.2  The Tower ................................................................................................................................ 36 

3.3.3  The receiver ............................................................................................................................. 38 



2 
 
 

3.3.4  The gas turbine ........................................................................................................................ 40 

3.3.5  Flow Mixer ............................................................................................................................... 42 

3.3.6  The heat recovery steam generator ...................................................................................... 42 

3.3.7  The steam turbine ................................................................................................................... 45 

3.3.8  The condenser ......................................................................................................................... 46 

3.3.9  Pumps ....................................................................................................................................... 46 

3.3.10  Open Feedwater heater (Deaerator)..................................................................................... 47 

3.3.11  Closed Feedwater heater ........................................................................................................ 47 

3.3.12  Other components .................................................................................................................. 48 

4  Economic analysis .................................................................................................................................. 49 

4.1  Cost functions .................................................................................................................................. 53 

4.2  Cost function of the gas turbine cycle .......................................................................................... 53 

4.2.1  Compressor .............................................................................................................................. 53 

4.2.2  Combustor ............................................................................................................................... 53 

4.2.3  Turbine unit ............................................................................................................................. 54 

4.2.4  Turbine auxiliaries ................................................................................................................... 54 

4.3  Cost functions for the steam cycle................................................................................................ 54 

4.3.1  HRSG ....................................................................................................................................... 54 

4.3.2  Steam turbine ........................................................................................................................... 55 

4.3.3  Turbine Auxiliaries.................................................................................................................. 56 

4.3.4  Pumps ....................................................................................................................................... 56 

4.3.5  Condenser and cooling tower ............................................................................................... 56 

4.4  Cost functions for the solar components .................................................................................... 57 

4.4.1  The heliostat field ................................................................................................................... 57 

4.4.2  Central tower ........................................................................................................................... 58 

4.4.3  Solar receiver ........................................................................................................................... 58 

4.4.4  Centrifugal Air Blower ........................................................................................................... 59 

4.5  Balance of plant costs ..................................................................................................................... 59 

4.5.1  Electrical generators ............................................................................................................... 59 

4.5.2  Civil engineering ...................................................................................................................... 59 

4.5.3  Natural Gas Substation .......................................................................................................... 60 



3 
 
 

4.5.4  Contingencies and Decommissioning .................................................................................. 60 

4.6  Integrated solar combined cycle total investment ...................................................................... 61 

4.7  Operation and maintenance cost .................................................................................................. 61 

4.7.1  Fuel and water cost ................................................................................................................. 61 

4.7.2  Spare parts and repairs ........................................................................................................... 61 

4.7.3  Labour costs ............................................................................................................................ 62 

4.7.4  Service contracts ..................................................................................................................... 63 

4.8  Performance indicators .................................................................................................................. 63 

4.8.1  Solar share ................................................................................................................................ 63 

4.8.2  Carbon dioxide emissions ...................................................................................................... 63 

4.8.3  Power plant Fuel efficiency ................................................................................................... 64 

4.9  Data Transfer from Trnsys ............................................................................................................ 64 

5  Optimization of the integrated solar combined cycle ....................................................................... 65 

5.1  Multi-Objective Optimization ....................................................................................................... 65 

5.2  The optimization procedure .......................................................................................................... 68 

5.2.1  Thermoeconomic Objective functions ................................................................................ 69 

5.2.2  decision variables / Constants .............................................................................................. 69 

6  Optimization Results & Discussion ..................................................................................................... 70 

6.1  Effect of fuel cost increase ............................................................................................................ 79 

6.2  Effect of Heliostat Mirror Cost Reduction ................................................................................. 80 

7  Conclusions and Future work ............................................................................................................... 81 

8  Bibliography ............................................................................................................................................. 83 

 

 

 

 

 

 

 



4 
 
 

 

List of Figures 
 

Figure 1-1:The thesis flow chart .................................................................................................................... 10 
Figure 2-1: Direct Normal Irradiance of the year 2002 in kWh/m²/y . .................................................. 12 
Figure 2-2: Schematic of sun at Ts at distance R from a concentrator with aperture area.  ................. 13 
Figure 2-3 : Solar collector efficiency as a function of upper temperature for different concentration 
ratios and an ideal selective or a black body absorber . .............................................................................. 14 
Figure 2-4: The ideal Carnot cycle ................................................................................................................. 14 
Figure 2-5: Ideal Rankine cycle  ..................................................................................................................... 15 
Figure 2-6:Ideal Brayton Cycle  ..................................................................................................................... 16 
Figure 2-7: Parabolic trough collector field in Almeria Spain  .................................................................. 18 
Figure 2-8: Linear Fresnel test collector loop at the Plataforma Solar de Almería, Spain  ................... 20 
Figure 2-9: Solar tower power plant  ............................................................................................................. 21 
Figure 2-10: Dish-Sterling-System ................................................................................................................ 24 
Figure 3-1: Plant process flow ....................................................................................................................... 30 
Figure 3-2: information flow diagram for Gas turbine .............................................................................. 31 
Figure 3-3: The Integrated Solar Combined Cycle in TRNSYS ............................................................... 32 
Figure 3-4: Artist Illustration of a 46 MW plant  ........................................................................................ 34 
Figure 3-5: eSolar heliostat  ............................................................................................................................ 35 
Figure 3-6:Heliostat cleaning system ............................................................................................................ 35 
Figure 3-7: The cosine effect for two heliostats in opposite directions from the tower.  ..................... 36 
Figure 3-8: Solar towers in California (Sierra commercial demonstration plant)  .................................. 37 
Figure 3-9: Open volumetric receiver principle and shape of hexagonal module cups of The 
Phoebus receiver . ............................................................................................................................................ 39 
Figure 3-10: The SGT-800 ............................................................................................................................. 41 
Figure 3-12: Energy/temperature diagram of a single-pressure HRSG .................................................. 42 
Figure 3-11: Flow Mixer ................................................................................................................................. 42 
Figure 3-13: Steam turbine stage ................................................................................................................... 45 
Figure 3-14: Water cooled condenser ........................................................................................................... 46 
Figure 3-15: open feedwater heater flow diagram ....................................................................................... 47 
Figure 3-16: Temperature profiles for the feedwater heater. .................................................................... 48 
Figure 4-1: Economic Indicators ................................................................................................................... 49 
Figure 4-2: Estimated LCOE for new technologies ................................................................................... 51 
Figure 4-3: NPV vs.Internal rate of return  ................................................................................................. 52 
Figure 5-1: Pareto optimal front  ................................................................................................................... 66 
Figure 5-2: Optimization data flow ............................................................................................................... 68 
Figure 6-1: Typical POF curve ....................................................................................................................... 70 
Figure 6-2: Annual solar share vs. Levelized cost of electricity ................................................................ 71 
Figure 6-3 : Pareto optimal total mirror area vs. solar share ..................................................................... 72 



5 
 
 

Figure 6-4: Live Steam pressure of Rankine cycle at 6 % solar share ...................................................... 73 
Figure 6-5: Annual Solar share vs.NPV ........................................................................................................ 74 
Figure 6-6: Annual solar share vs. Total equipment cost ........................................................................... 75 
Figure 6-7: Specific CO2 emissions vs. solar share .................................................................................... 76 
Figure 6-8: Selected design points on the POF ........................................................................................... 77 
Figure 6-9 : Cost Breakdown for two design options, California Site ..................................................... 78 
Figure 6-10 : Cost Breakdown for two design options, Palermo Site ...................................................... 78 
Figure 6-11: Effect of natural gas price on LCOE ..................................................................................... 79 
Figure 6-12: LCOE vs. solar share at different heliostat prices ................................................................ 80 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 
 

 

List of Tables 
 

Table  2-1:  Overview of main Technical Characteristics of CSP technologies  ..................................... 26 
Table  2-2:  Overview of main commercial characteristics of CSP technologies  ................................... 27 
Table  2-3: Estimated current (2010) and future costs (2020) for parabolic Trough & Power Tower 
Systems. ............................................................................................................................................................. 29 
Table  3-1: Single heliostat field charecteristics ............................................................................................ 34 
Table  3-2: Correlation used for Nusselt number  ....................................................................................... 38 
Table  3-3: Insulation material properties  .................................................................................................... 38 
Table  3-4: Characteristics of receiver module material  ............................................................................. 39 
Table  3-5:Technical specifications for SGT-800 gas turbine .................................................................... 41 
Table  3-6: HRSG design parameters ............................................................................................................. 43 
Table  3-7: Effectiveness-NTU relations for different heat exchanger types  ......................................... 45 
Table  3-8: Condenser assumed values .......................................................................................................... 46 
Table  4-1: Costs / Prices and economical settings  .................................................................................... 50 
Table  4-2: Infrastructure & building cost ..................................................................................................... 59 
Table  4-3: Labour Rates (in USD/yr) and Plant Labour Requirements .................................................. 62 
Table  5-1: Selected decision variable and ranges ......................................................................................... 69 
Table  5-2: Selected constants and values ...................................................................................................... 69 
Table  6-1: Selected point’s characteristics .................................................................................................... 77 
 

 

 

 

 

 

 

 

 

 

 



7 
 
 

 

 

Nomenclature 

Abbreviations 

CSP    Concentrated solar power 

LCOE   Levelized cost of electricity  

NPV   Net present value 

DNI   Direct normal irradiation 

DLR   Deutsches Zentrum Für Luft- und Raumfahrt (German Aerospace Center) 
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1 INTRODUCTION 
The current energy scenario in the developing nations with abundant sun resource (e.g. southern 
Mediterranean countries of Europe, Middle-East & North Africa) relies mainly on fossil fuels to supply 
the increasing energy demand. Although this long adopted pattern ensures electricity availability on 
demand at all times through the least cost proven technology, it is highly unsustainable due to its drastic 
impacts on depletion of resources, environmental emissions and electricity prices. Solar thermal Hybrid 
power plants among all other renewable energy technologies have the potential of replacing the central 
utility model of conventional power plants[1], the understood integration of solar thermal technologies 
into existing conventional power plants shows the opportunity of combining reliable power despicability 
without the added cost of thermal storage and Carbon emission reduction .  
 
The main barriers of up taking solar energy systems in developing countries are: the high initial 
investments of renewable only power plants especially at high capacities needed for developing countries 
in the upcoming future, fossil fuel subsidies especially to natural gas, which leads to misleading prices 
and impedes the development of renewable energy. One solution to overcome the initial cost barriers 
and to make use of lower price fossil fuel like natural gas is the deployment of modular hybrid solar 
thermal power plants; the concept is based on attaching a small solar field to a newly built conventional 
fossil fuel power plant with the power block designed to accommodate for increasing share of solar heat 
input over time by increasing the area of the solar field thus reducing the barrier of high initial 
investment and fuel escalation rates in the coming years. 
 
Several projects have been implemented where heat from solar energy is introduced into a combined 
cycle power plant (e.g.  Hassi Rmel plant in Algeria and Ain Beni Mathar plant in Morocco)[2], up until 
now the only concentrating power technology considered for this type of plants is the parabolic trough 
collectors, this study will present an option for using different technology ( Central receiver tower 
systems) in the integrated solar combined cycle power plant. 
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1.1 OBJECTIVES 
The main objectives of this thesis can be summarized as follows: 

 Analysis comparing the four different concentrating solar power technologies (CSP) is to be 
carried out; first with respect to suitability for integration in conventional power plant cycles 
such as the high efficiency combined cycle and second with respect to modularity potential, 
along with proposal of promising combination between conventional power plant and the 
modular solar technology.  
 

 Dynamic simulation model of the proposed Hybrid solar thermal power plant will be developed 
in the TRNSYS simulation software [3], in order to obtain the first set of input parameters into 
TRNSYS the combined cycle was modelled separately using MATLAB software, afterwards 
post-processing routines for cost calculation will be elaborated in the software MATLAB. 
 
 

 Thermo economic optimization of the proposed model to get the most suitable configurations 
and evaluation of economic indicators such as Total investment cost/Levelized cost of 
electricity and Net present value. 

  

1.2  APPROACH 
The flow chart below indicates how this thesis will progress. 
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    Figure 1-1:The thesis flow chart 
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2 BACKGROUND 
In this chapter the basic concepts for concentrating solar energy engineering are explained, followed by 
an overview of concentrating power technologies. A comparison between the different concentrating 
technologies is viewed, finally, the integration issues between solar technologies and conventional power 
plant is explained and the option most suitable for this work is decided.  

2.1 SOLAR RADIATION  
The solar radiation that reaches the earth’s surface radiates from the sun, continuous fusion reactions at 
the sun’s core result in temperatures between 8x106 to 40x106 Kelvin [4] , this heat is then transferred to 
the radiative surface of the sun (Photosphere) which has an effective black body temperature of around 
5800 Kelvin. The rate of radiant energy incident upon a unit area of surface is called irradiance [W/m2], 
when irradiance is integrated over a specified period of time (e.g. day, hour) it becomes solar irradiation 
which has units of [Wh/m2]. Irradiation over a period of one complete day becomes solar insolation 
[kWh/m2/day]. 

The mean earth-sun distance is estimated at 1.49x1011 m; radiation emitted by the sun measured on the 
outside of the earth atmosphere results in a nearly constant flux density, and is called the solar constant: 

GSC = 1367 [W/m2] 
 

 (2.1) 

This amount varies by ±3% as the earth orbits around the sun[4], the amount of this flux density that 
reaches the earth surface is around 1000W/m2[5], this amount is affected by several factors; variation 
with the time of day and year, latitude variation and most important weather conditions affects the solar 
radiation reaching the earth’s surface. 

Solar radiation consists generally of two main components; direct beam radiation is defined as the 
radiation received from the sun without being scattered by the atmosphere while the second component 
is the diffuse (scattered) radiation, the sum of the two components is the total solar radiation. In 
Concentrating solar power applications direct beam radiation is important since CSP systems can only 
collect this component, for this reason CSP systems are designed to track the sun during the day.  

Solar irradiance is a crucial factor for CSP plant design, location and economics of the plant. Available 
solar data sources are ground level measurements and Meteorological satellite data. While ground 
measurements are more accurate than satellite data they are expensive with no possibility of delivering 
past data [6], the combination of both ground and satellite measurement yields accurate irradiation maps 
that can be used in planning and cost calculation of a solar power venture.  
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that provide heat input to the bottoming Rankine cycle leading to higher efficiency. In commercial CSP 
power plants today hybrid gas turbine solar cycle has only be tested on a small scale prototypes which is 
further discussed in section 2.4.3.4, in this work the gas turbine is introduced as a part of an integrated 
solar combined cycle power plant.  

2.4 OVER VIEW OF CONCENTRATING SOLAR POWER TECHNOLOGIES 

2.4.1 PARABOLIC TROUGH (LINE FOCUS, MOBILE RECEIVER) 

 
Parabolic trough systems concentrate solar radiation by redirecting the incident rays parallel to the 
optical axis of a parabolic shaped reflector (mirror) onto a focus line which contains the receiver. 
Radiation is absorbed in the receiver and converted to another energy form [4] thus increasing the 
temperature of the circulating heat transfer fluid (HTF) inside the receiver. Parabolic trough power 
plants consist of many parallel rows of single axis-tracking concentrators and are modular in nature; they 
can be deployed at a wide range of capacities. For the current time the optimal capacity for trough plants 
is estimated to be 150-200 MW [1].  
 

The receiver contains stainless steel pipes treated with selective coating that absorbs solar radiation while 
at the same time has very low infra-red radiation emmitance, the pipes are enclosed in evacuated glass 
tubes to minimize convective losses. The heat transfer fluid from the collector’s transfers’ heat in the 
heat exchangers where water is evaporated and high pressure super-heated steam expands through the 
turbine of a Rankine cycle, which drives a generator for electricity production. Steam is then cooled and 
condensed, after which water returns to the heat exchangers. Currently the maximum operating 

temperature in most PTC plants is around 390°C and that is due to damage to the HTF which is mostly 

synthetic oil if heated above 400 °C, the use of other heat transfer fluids such as molten salts or direct 
steam can help achieve higher temperatures as they have higher heat resilience than oil. The Archimede 
project developed by the Italian National Environmental & Renewable Research center (ENEA) is a 5 
MW parabolic trough system using a mixture of nitrate salts as a HTF with solar field outlet temperature 

up to 550 °C, the plant started production in July 2010.[13]. However the high freezing temperatures 
and the related investment costs pose a challenge to molten salts as a HTF. 
 
 Direct Steam Generation (DSG) in parabolic trough holds advantages over the use of oil as a HTF [14]; 
the temperature of the HTF can be increased over the currently limited 400 C ͦ of oils and the overall 
costs of the plants are lower due to unnecessary oil/ steam heat exchanger. However, research is still 
going on DSG technology to solve potential problems relating to two phase flows and control systems.  
 
Parabolic trough is the most mature technology in large concentrating power schemes that is due to the 
experience gained from the success operation of the Solar Energy Generating Systems (SEGS) trough 
plants built in the Mohave Desert in California between 1984 and 1991. Current installed capacity of 
parabolic trough plants exceeds all other CSP technologies with large number of projects in the pipeline 
[15] 
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Latest developments in Fresnel technology show that production of superheated steam is possible; 
in 2011 Novatec’s solar Fresnel collector in Spain successfully generated super-heated steam with 
temperatures above 500C ͦ [18]. The main advantages over parabolic troughs can be summarized as: 

 Cheap flat or slightly curved mirrors. 

 Fixed absorber tubes eliminating the need for flexible high pressure joints. 

 Low wind loads and reduced material used in the structure due to ground proximity. 

 Direct steam generation, eliminating the need for steam generators. 

 Low land use, developers like AREVA claim their Fresnel technology is the most land efficient 
in all CSP technologies.  

 
Fresnel collector major drawback lies in higher optical losses of the fixed receiver compared to parabolic 
troughs , shading and blocking between the closely spaced mirrors reduced the efficiency and leads to 
increased spacing or receiver height. 
 
A new concept was developed to overcome the above mentioned problems, compact linear Fresnel 
collector (CLFR) technology [19]. In CLFR systems a large number of linear receivers on elevated tower 
structures that are close enough for individual mirror rows to have the option of directing the reflected 
solar rays to at least two alternative receivers on separate towers. This allows for more densely packed 
reflectors with less shading and blocking. 
 
Although LFR’s are less efficient than parabolic troughs in converting solar energy to electricity the low 
cost of the technology can bridge the gap making LFR’s a main competitor to parabolic troughs in the 
near future [20]. 
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2.4.3.2 MOLTEN SALT SOLAR TOWER 
 
Molten salt mixtures offers excellent performance as heat transfer fluids in advanced power plant 
concepts, the best mixture was found to be 60 % sodium nitrate / 40 % potassium nitrate[22]. The main 
benefits of molten salts as HTF’s are the excellent heat transfer properties and lower pressure, high 
temperature energy storage in another important advantage thus increasing the capacity factor of the 
plant , salts can be stored in large tanks at atmospheric pressure to be used when the sun is not shining 
or at nights. Disadvantages of using salts as a HTF lies in the high freezing temperatures (120 to 220 C ͦ ) 
and the increased operational and maintenance costs related to freeze protection, piping and fitting 
materials.  
 
In a molten salt tower plant, salt mixture enters the receiver at 290 C ͦ and exists around 565 C ͦ, the hot 
salt is then pumped to the steam generator producing superheated steam to be used for electricity 
production in a conventional Rankine cycle[22]. The first test facility to demonstrate molten salt tower 
technology as a commercial technology was the Solar Two project in California. 
 

2.4.3.3 ATMOSPHERIC AIR SOLAR TOWER 
 
Another concept is Central receiver solar power plants working with atmospheric air as a HTF based on 
the PHOEBUS scheme [23]; a blower circulates air through the receiver consisting of metallic or 
ceramic materials on top of the tower, which is heated by the concentrated sunlight to temperatures 

between 650 and 850 °C afterwards the hot air is used to produce steam in a steam generator to power a 
conventional Rankine cycle steam turbine. The produced steam temperatures and pressures range from 

480-540 °C  and 35-140 bar, Air as a HTF offers benefits of being available for free, offers no phase 
change associated problems and easy to handle. The main disadvantages low heat transfer properties and 
the lack of storage solutions since the heat transfer from air to storage materials is poor and contains 
high heat losses[1]. However, the waste heat from the gas turbine can be used in an integrated solar 
combined cycle (ISCC) thus removing the need for thermal energy storage and achieving high capacity 
factors.  
 
 

2.4.3.4 PRESSURIZED AIR SOLAR TOWER 
 
In this concept, air is compressed and then heated in a pressurized air receiver on top of a tower called 
the REFOS receiver [24] before entering the combustion chamber stage of a gas turbine. The 

combustion chamber compensates between solar receiver outlet temperature (800-1000 °C) and the 

required inlet temperature of the gas turbine (950-1300 °C) thus providing constant design point turbine 
conditions in hybrid mode. The waste heat from the gas turbine can be used in an integrated solar 
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combined cycle (ISCC) to drive a bottoming steam cycle and thus achieving higher efficiencies. Small 
systems have been simulated and an Incremental solar share of 28 % is shown possible in 16 MW 
systems [25] 

2.4.4 DISH ENGINE (POINT FOCUS, MOBILE RECEIVER) 
 

This concept like the solar tower is a point focusing concentrator , Dish engine technology is highly 
modular technology and can be used either in decentralized power generation or in big centralized 
power plants, each single parabolic shaped dish tracks the sun in two-axis’s concentrating sunlight onto 
a receiver located at the focal point of the dish . Concentration ratios achieved are the highest in all CSP 
systems and can go up to 2000 suns [26]. The receiver is part of a high efficiency engine and generator 
assembly which converts the collected to mechanical work and finally to electricity. 
 
Sterling engines are the most commonly used in dish system with net efficiency reaching to 40 % [27], 
sizes are usually around 25 KWe. Brayton engines can also be used in dish engine receivers; solar heat cis 
sued to increase the temperature of the compressed gas which expands in a turbine generating work for 
electricity production. Thermal to electric efficiency can reach 30 % in Brayton dish engines [28], sizes 
are usually around 30 KWe. 
 
The main advantages of Dish-engine systems are as follows: 

 High modularity with a range of system sizes from several kilowatts to hundreds of megawatts. 

 Low water use; only used for maintenance. 

 Highest efficiency of all CSP technologies. 

 Low land footprint. 

 Short construction times. 
 
 

The main disadvantages of dish systems are the high operation and maintenance cost especially in large 
MW installations that consist of many KW-sized engines and the lack of commercial hybrid and storage 
solutions. Solar dish engines with their high efficiency and low water use have the possibility of 
becoming one of the cheapest CSP technologies if mass produced and long term reliability is proved  
[29]. 
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Luz LPT-550 technology, financing has been secured with $1.6 billion in loans guaranteed by the US 
Department of energy [32]. 
 
Fresnel reflector technology is less mature compared to both trough and tower systems, only a few small 
scale demonstration projects have been tested so far, the Australian company AUSRA ( now Areva 
Solar) in 2004 developed a Compact linear Fresnel collector (CLFR) to be used for feed water heating in 
The existing coal Power Station Liddell in Australia  , Ausra constructed a 5 MW plant the plant located 
in Bakersfield California started operations in 2008 , the Bakersfield compound is used to test Ausra’s 

CLFR technology , steam conditions of 400 °C and 106 bars have been realized and the company claims 

to be able to generate steam at 482 °C and 106 bars[2]. 
  
In Europe Puerto Erado 1 developed by Novatec Biosol is the only power plant based on Fresnel 
reflector technology operating today, the plant has a capacity of 1.4 MW. The company is constructing 
the second Puerto Erado plant with a capacity of 30 MW. Despite the advances in Fresnel reflector 
technology, issues such as suitable hydraulic components, two phase flow related problems in cloudy 
weather when a boundary forms between the constant temperature saturated steam and the superheated 
steam stage need to addressed , furthermore the technology need to be proved as commercially feasible 
for large scale plants. This work will not include Fresnel technology in the modelling phase. 
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 Table 2-1:  Overview of main Technical Characteristics of CSP technologies  [33] [29]  ,[34] 

Technology Parabolic 
Trough 

Fresnel 
Trough 

Water 
Steam 
Solar 

Tower 

Molten 
Salt solar 

tower 

Pressurized 
air  solar 

tower 

Dish-
engine 

Plant Size, 
Suggested 

(MWe) 
50–300* 30–200 10–200* 10–200 1.5–16 0.01–850 

Plant Size,   
Already  
realized 

 

50 (7.5 TES), 
80 (no TES) 5 20 20 

                          
                1.5 1.5 ( 60 units) 

Power 
Conversion 

Rankine  
Steam  Cycle 
 

Rankine 
Steam  Cycle 
 

Rankine 
Steam  Cycle 
 

Rankine 
Steam  Cycle 
 

Rankine 
Cycle  

Stirling / 
Brayton 
Engine 

Steam 
conditions 
(*C/bar) 

380*C/100 
bar 

 

270*C/50 
bar 

Possible up 
to 500  C 

Up to 
540*C/160 

bar 
 

540*C/100–
160 bar 

 

480*C/100–
bar 

 

Up to 
650*C/150 

bar 

HTF thermal oil, 
direct steam, 

molten 
salt 

 

Water 
/steam 

 

Water / 
Steam 

 

Nitrate salts 
 

Air Hydrogen/he
lium 

(Stirling) 
Air 

(Brayton) 
Water 

cooling 
(L/MWh) 

3000 or dry 
 

3000 or dry 
 

2500-3000 or 
dry 

 

2500-3000 or 
dry 

 

850-1000 50-100(Mirror 
washing) 

Land 
Occupancy 

Km2/100MWe 

Large 
2.4–2.6 (no 

TES) 
4–4.2 (7h 

TES) 
 

Medium 
1.5–2 (no 

TES) 
 

Medium 
2.5–3.5( no 

TES) 
 

Large 
5–6 (10–12 h 

TES) 
 

Medium 
2.5–3.5( no 

TES) 
 

Small 
1.2-1.6 

Possible 
backup/ 
hybrid 
mode 

Yes 
 
 

Yes 
 

Yes 
 

Yes 
 

Yes Yes , but in 
limited cases 

Annual 
solar-to 
electric 

efficiency 
(Gross) 

14–16% 
 

9–10% 
(saturated) 

 

15–17% 
 

14-16 % 
 

14-19% 20–22% 

Storage Yes 
 

Yes, but 
not yet 

with DSG 
 

Depends 
on plant 

configuration 
 

Yes 
 

Depends 
on plant 

configuration 

No storage 
for dish 
Stirling, 
chemical 

storage under 
development 

 * maximum/optimum depends on storage size   ** 100 MWe plant size   *** Depends on water 
quality 
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        Table 2-2:  Overview of main commercial characteristics of CSP technologies [33][29] 

Technology Outlook for 
improvements 

Maturity investment 
costs 

USD/KW(2) 

O & M 
costs 

Technology 
Risk 

Trough Limited - Proven Technology 
on 

large scale; 
-Commercially viable 

today 
 

4,000–5,000  (no 
storage) 

6,000–7,000  (7–
8h storage) 

Large Low 

LFR Significant -Demonstration 
projects, first 

commercial projects 
under construction 

 

3,500–4,500  (no 
storage) 

Medium Medium 

Water Steam 
Solar Tower 

Very significant -Saturated steam 
projects in operation 
-Superheated steam 

demonstration 
projects, first 

commercial projects 
under construction 

-Commercially viable 
2013 onwards 

4,000–5,000 
(no storage) 

Medium Medium 

Molten Salt 
solar tower 

Very significant Demonstration 
projects, first 

commercial projects 
Operating from late 

2011. 

8,000–10,000 
(10th storage) 

Medium Medium 

Dish-engine Through mass 
production 

-Demonstration 
projects, Largest 

operating project is 
1.5 MW; 

4,500–8,000 
(depending 
on volume 
production) 

small High 

 
Troughs and Central receiver power plants are the two most commercially mature and proven 
technologies, both having advantages and disadvantages which makes it not easy to pick one over the 
other.  
 

Parabolic Trough systems using oil as HTF have solar operating temperatures restricted to 390 °C   

which leads to steam temperature around 370 °C, while Tower systems can achieve higher receiver 

temperatures of up to 1200 °C and steam temperatures of up to 565 °C, this gives Solar tower systems 
an advantage over parabolic troughs in running standards Rankine steam turbines and achieving higher 
annual solar to electric efficiencies (Table 2-2). Both technologies offer simple hybrid solutions with fuel 
oil and natural gas and can be integrated in combined cycle schemes, although the higher temperatures 
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achieved by Solar towers gains an advantage to be used in higher efficiency cycles such as the Brayton 
gas combined cycle. In the integrated solar combined cycle (ISCC), Solar steam from parabolic trough’s 
feeds the bottoming cycle with an maximum annual solar share of about 10% [35] while by using Tower 
systems an annual solar fraction between 10 and 25 % can be reached in molten salt towers [36] and up 
to 30 % in pressurized air towers [25]. 
 
As for thermal energy storage, the latest parabolic trough project with storage is the Andaso-1 plant in 
Spain; the 50 MWe plant incorporated 7.5 hours two tank molten storage while the SolarTres power 
tower in Spain with a capacity of 15 MWe incorporated 15 hour storage capacity [37].Solar towers have 
the potential of reaching higher amounts of storage due to the higher temperatures reached and the use 
of direct molten salt storage.  
 
Both technologies have modular solar components suitable for mass production, although new 
advancement in tower technology especially by the company eSolar offers a more modular solution , a 5 
MW demonstration project has been operated successfully since 2010 [38]. In the case of land use which 
is one of the critical factors in the location decided in this work, Table 2-1 shows that for Molten salt 
solar towers with storage the land use is higher than parabolic trough plans, the land use for water/ 
steam type tower is close to that of parabolic troughs, with new developments promising lower land use. 
The Solar power company BrightSource claimed that there new tower project complex Ivanpah 
currently under construction will require 33 % less land than trough power plants due to increased tower 
heights[32]. 
 
Investment and O&M costs are shown in Table 2-2, while more complex analysis is needed to compare 
the total investment for parabolic trough and central receiver options, a general conclusion with the 
above analysis can be reached.  Molten salt tower systems are the most capital intensive followed by 
parabolic trough’s with storage and finally by water/steam towers. 
 
 
Three studies were used to predict the cost reduction potential for Troughs and Solar tower systems: 
 

 U.S. Department of Energy CSP Program: Power Tower Technology Roadmap and Cost  
Reduction Plan [39] 

  International Energy Agency: Technology Roadmap Concentrating Solar Power [29] 

 Sargent & Lundy: Assessment of Parabolic Trough and Power Tower Solar Technology Cost 
and Performance Forecasts [36] 

 
The three main drivers for cost reduction in CSP power plants are:  technology improvements, economy 
of scale and volume production. It is worth to mention that the studies by Sandia and Sargent & Lundy 
compared molten salt tower system versus parabolic troughs using oil as HTF, on the other hand the 
EIA study considered power tower system in general against parabolic troughs using oil as HTF. The 
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analysis shown in (Table 2-3) clearly shows that the cost reduction potential for solar power towers 
exceeds that of parabolic trough systems. 
 
 
Table 2-3: Estimated current (2010) and future costs (2020) for parabolic Trough & Power Tower 
Systems. 

 Parabolic Trough Systems Power Tower Systems 

Sargent & Lundy 35 % 40 % 

Sandia 45 % 50 % 

EIA 30 - 40 % 40 - 75 % 

 
Four concentrating solar technologies were considered (Parabolic troughs, Solar Tower systems, Linear 
Fresnel and dish-engine). Using existing and projected data for large scale solar plants the simple analysis 
showed favourable results for solar tower option more than the other three options, it should be noted 
that for other case studies other options could be more favourable depending on the limiting factors, for 
this report the required simplicity of the total system, investment costs and modularity is three of the 
most important factors. 

2.5 INTEGRATION OPTIONS: 
In this work two Integration options of Central receiver systems with conventional combined power 
cycles will be considered: 
 

2.5.1 WATER / STEAM TOWER IN A NATURAL GAS FIRED COMBINED CYCLE ( HIGH 

TEMPERATURE) 
Superheated steam is produced and mixed with superheated steam produced in the heat 
recovery steam generator (HRSG) hp drum, superheating is done in the HRSG. The steam 
turbine need to be oversized in order to accommodate for the increased amount of solar steam. 
In the case of a small solar share a small increase in the steam turbine size above the Combined 
cycle capacity results in high solar to electric efficiency and the penalty of operating the Rankine 
cycle at part load conditions when the solar steam is not available is small. For large solar 
contributions the penalty in part load Rankine cycle efficiency increases and can reach up to 
10/15 %[40].Steam turbine and HRSG need to be optimized for the final solar share from the 
beginning which is expensive and can result in reduced efficiencies. 
 
To date this scheme has only been implemented with parabolic trough technology; however 
central receiver systems producing saturated steam can play the same role as parabolic troughs in 
the combined cycle. 
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3.2 THE SIMULATION SOFTWARE TRNSYS 
TRNSYS (Transient system simulation) is modular software tool used for simulation of solar systems, 
buildings, electrical systems and numerous other applications. TRNSYS graphical interface allows the 
user to choose pre-configured component represented as icons from the software library, a wide range 
of component models are available such as heat exchangers, electrical components, and solar thermal 
collectors. TRNSYS components are black boxes where the user defines a set of inputs and parameters; 
inputs are time dependent variable where parameters do not change with time. The system produces a 
set of outputs by solving sets of equations. An example of component flow diagram for a gas turbine is 
shown in figure (3.2).  

 

 

 

 

 

 

The different types can be connected to each other where the output of one component becomes the 
input to the next component producing a system such as a power cycle. A special collection of TRNSYS 
components assembled to simulate solar thermal power generation will be used in this work; The STEC 
library is used extensively in this work ; it contains four component sub libraries: Rankine cycle 
components, Brayton cycle components, solar thermal components and thermal storage components. 

The Library developed in a joint effort between three institutions DLR (German Aerospace Center), 
Sandia labs and IVTAN Institute for High Temperatures of the Russian Academy of Science, Russia. 
[41].  In this work the model will be run in 1 h time step for the whole year. The solar DNI data was 
obtained for a whole year from the Meteonorm software database 
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3.3 COMPONENT MODELS 
The power plant is composed of three main sub-cycles; the gas turbine cycle, steam turbine and solar air 
cycle. Each one of these cycles contains subsystems such as compressor, heat exchangers, heliostat field 
and many others. These subsystems are realised by constructing component models in a MATLAB 
function and a TRNSYS project. In the following sections detailed descriptions of the thermodynamic 
components will be introduced.   

3.3.1 THE HELIOSTAT FIELD 
Heliostats consists usually of large individual mirrors made from silvered low iron content glass which 
are mounted on steel structures capable of tracking the sun in Two-axis (azimuth and elevation) by the 
use of electric motors controlled by computer algorithms in order to obtain the required flux 
distribution on the receiver. Heliostat mirrors costs hold the largest share in an investment for a power 
tower plant which is typically 50% of the total cost [42]. In this work the heliostat field design will be 
based on the approach by the US based company eSolar that has developed a new approach focusing on 
low cost, mass manufacturing, easy installation and mirror cleaning[38]. The approach focuses on 
heliostat fields consisting of large number of individually small mirrors with reflector area of 1.14 m2 
departing from the common practice of grouping individual mirrors into a big reflector with area in the 
range of 100/150 m2. The heliostats small size and low weight keeps them close to the ground thus 
reducing wind loads. Figures (3.5, 3.6) show the eSolar heliostat field and cleaning process.  

Modularity is a major objective in the proposed power plant; the ability to add a number of individual 
solar fields with time is one of the specific benefits of the eSolar concept, each solar field has a set of 
piping and auxiliary equipment that are easy to install and can be mass manufactured, in the case of 
receiver maintenance the solar plant can stay operational since there will be more than one receiver 
/field system which in turn provides better flexibility. Figure (3.4) illustrates the modular nature of the 
eSolar concept.  
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Figure 3-5
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Table 3-2: Correlation used for Nusselt number[44] 

Correlation 
 

Range 

Nusselt Number 
 = ( − 1000)1 + 12.7√ ( − 1) 

3000 ≤  ≤ 5. 10  

Friction factor 
 = (0.79 − 1.64)  

 

Hydraulic diameter 
 ℎ = 2+  

 

 

 Table 3-3: Insulation material properties [45] 

Mineral wool 

Maximum operating temperature 650  ͦ C 

Thermal conductivity 0.22 W/m.k 

 

Pressure losses through the piping need to be calculated in order to correctly design the blower. 
Frictional losses are assessed by Darcy’s equation [45]: 

∆ = . .
  

 (3.3) 

Where: f is the friction factor assessed previously in Table 3.2. 

3.3.3 THE RECEIVER     
Solar air receiver is required to raise the air temperature to meet the inlet conditions of the HRSG, the 
PHOEBUS volumetric air receiver concept was chosen for this work [23]. Choice of absorber materials 
can either be ceramics for high temperature applications (e.g. above 800 ͦ C) or metallic absorber 
materials for temperatures up to 800 ͦ C , for the use in developing countries a receiver working at 
atmospheric pressure conditions with metallic absorber is preferred due to simplicity , stability and safe 
operation it offers. The desired outlet temperature of the receiver in this work matches the temperature 
of the exhaust flue gases from the gas turbine at 544 ͦ C in order to ensure optimal operation for the 
HRSG which designed to operate at the outlet temperature of the gas turbine.   



 
 

Absorber
the wire m
heat is tr
principle 
propertie

 

 

 

Figure 3-
Phoebus 

    
 
 T

 

In TRNS
outlet pro
the receiv

r material con
mesh enclose
ransferred to

of the solar 
s: permeabili

9: Open volu
receiver [46]

Table 3-4: Ch

Material

Inconel 
601 

SYS the Solar
operties are c
ver is calculat

nsists of a high
ed in the volu
 the air flow
receiver. Th

ity of the ma

umetric recei
[47]. 

aracteristics 

l Average 
flux 

(kW/m2) 

300 

r air receiver c
alculated dep
ted based on

hly porous m
ume of the re

w flowing thr
he flow throu
aterial and the

iver principle

of receiver m

Peak 
flux 

(kW/m2)

800 

component T
pending on th
n a simple bla

metallic wire m
eceiver is hea
rough the m
ugh the abso
ermal conduc

e and shape o

module mater

Average
outlet air

temperature

  (  ͦC) 

700 

Type 422 fro
he inlet condi
ack body mod

mesh grouped
ated up by th

material. Figur
orber materia
ctivity [46]. 

of hexagonal 

rial [47] 

e 

Maximu
outlet a

temperat

(  ͦC)
 

950

om the STEC
itions of air fl
del and is giv

d in hexagona
he reflected s
re (3.9) show
al is influenc

l module cup

um 
air 
ure

C library was u
low and radia
ven by: 

al shaped mod
solar radiation
ws the volum
ces mainly by

ps of The 

used. The rec
ation. Efficien

39 

dules; 
n and 

metric 
y two 

ceiver 
ncy of 



40 
 
 

= − .  
                                          (3.4) 

Where ε: the emissivity of the absorber material is set to 0.85 and the optical efficiency is set to 0.90. 

4 = 0.5. , + , + 273.15                                                         (3.5) 

 

The pressure drop through the wire mesh material of the receiver is approximated by using one 
correlation developed by Mccorquodala et al for flow of air through porous material of rock beds[48]:     Δ = 4.74 ( )⁄ + 166 .                                                            (3.6)  

Where: L is the width of the receiver module; GO is the mass velocity of air in material (air mass flow 
rate divided by the module area). μ is the viscosity of air , α is the shape factor of the material grains and 
is set to 1.4 and ε is the absorber open porosity.  

3.3.3.1 RECEIVER CONTROL STRATEGY 

The outlet air temperature at of the receiver desired value is (544 °C) equalling the temperature of the 
exhaust gases from the gas turbine, in order to ensure that the desired temperature do not increase 
above this value a temperature limit control is attached to the receiver, a second control loop is 
connected to heliostat field component to ensure that the maximum flux limit is not violated; the 
control will force the heliostat field to “defocus” if the flux limit is violated. Air flow through the 
receiver is set by a control switch , after repeated trials it was found that starting the air pump from 
10:00 AM to 16:00 PM will ensure that the receiver maintain the desired outlet temperature. 

 

3.3.4 THE GAS TURBINE 
The gas turbine using natural gas as fuel provides the main power source to the ISCC; exhaust gases 
from the turbine combined with hot air coming from the solar tower receiver provide necessary heat to 
produce steam in the heat recovery steam generator. 

At night time the system is operated as a regular combined cycle with all the heat produced by the 
exhaust gases, SGT-800 gas turbine from Siemens was chosen for this work, this turbine has been 
widely used in combined cycle applications table (3.5) lists technical details of the gas turbine. 
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3.3.5 FLOW MIXER 
Hot air from the solar receiver mixes with hot flue gases from the gas turbine before entering the 
HRSG. The simple flow mixer model in TRNSYS is simulated by using an equation block where a mass 
and energy balances is performed before passing the hot mixture to the superheater component in the 
HRSG.  

 

 

 

   

3.3.6 THE HEAT RECOVERY STEAM GENERATOR 
Hot air from the solar receiver and Exhaust flue gases from the turbine are transferred to the HRSG 
which consists of Superheater, Evaporator and Economizer. 

In the economizer the feed water temperature is raised to close saturation point. In the evaporator the 
feed water evaporates at constant pressure and temperature producing saturated steam. The steam is 
then passed to the Superheater to raise its temperature to the desired turbine inlet conditions. Figure      
(3-12) shows the Temperature / Energy diagram for the Single pressure HRSG. 

 

  Figure 3-12: Energy/temperature diagram of a single-pressure HRSG 
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In order to calculate relevant values for the TRNSYS component models such as the heat exchanger UA 
values and effectiveness, a separate model was built in MATLAB software environment. Two 
approaches have been used in the model, a pinch point analysis in order to obtain the steam mass flow 
and effectiveness-NTU method for determining the UA (overall heat transfer conductance-area) values 
and the effectiveness of the heat exchangers. 

Pinch point analysis directly affects the amount of steam to be generated in the HRSG; the evaporator 
pinch point temperature can be defined as the difference between evaporator temperature on the cold 
side (water/steam) and the outlet temperature on the hot side( gas exhaust/hot air).  The economizer 
approach temperature can be defined as the difference between the saturation temperature in the drum 
and the outlet economizer temperature, this difference helps to prevent evaporation in the economizer.  

The lower the pinch point temperature difference the more heat can be collected by the heat exchangers; 
however the required heating surface area also increases resulting in increased costs. Typical values for 
pinch point range from 8 to 15 K. typical values for economizer approach temperatures range from 5 to 
12K[12] . Table (3.6) show the values used for pinch point and approach temperatures in the HRSG. 

 

             Table 3-6: HRSG design parameters 

Pinch Point 10 ͦ C 
Economiser water approach 5 ͦ C 

Steam Turbine inlet conditions 100 Bar , 480  ͦ C 

Pressure drop superheater 1 Bar 
Pressure drop economiser 0.7 Bar 

 

 

The Matlab function XSteam [50] for evaluating steam and water properties was used to evaluate 
enthalpies and temperatures of the required streams. 

The heat available to evaporator and superheater from turbine exhaust/hot air is calculated from: = , − + ℎ    (3.7) 

And so the mass of steam can be calculated from: = ℎ −    (3.8) 
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The effectiveness-NTU design method [44] is used for calculating UA values and effectiveness for the 
heat exchanger before passing it to TRNSYS. The effectiveness is defined as the ratio of the actual heat 
transfer achieved to the maximum possible heat transfer achieved. 

 = ⁄   
 

 (3.9) 

In order for to be evaluated the heat capacitance of the hot and cold streams need to be calculated: = ∗     (3.10) 

 = ∗     (3.11) 

 
The average specific heat for the steam/water stream is acquired from the XSteam function in Matlab, 
for the flue gases and dry air the function CpGAS was developed in Matlab based on the work of Walsh  
[51]. The maximum heat transfer can then be calculated from: = , − ,     (3.12) 

 
    Where  = ( , )    (3.13) 

The effectiveness of a heat exchanger is a function of two parameters: the number of transfer units 
(NTU) and the capacitance rate ratio of the two streams (Cr) which is defined as: = ⁄     (3.14) 

 Where = ( , )    (3.15) 

The NTU is defined as: 

    = ⁄     (3.16) 

Table (3.7) lists the different effectiveness-NTU relations for different heat exchangers, economizer and 
Superheater are treated as a Counterflow heat exchanger where the evaporator and condenser are treated 
as a special case due to the infinite heat capacity of the steam/feed water. 
 
 
 
 
 

 
 



45 
 
 

Table 3-7: Effectiveness-NTU relations for different heat exchanger types [44] 

Exchanger Type Relation Condition 

Counter Flow 

= 1 − 1− 1  
< 1 

= 1 −  = 1 

Evaporator/Condenser 
 

= − (1 − ) = 0 

 
The UA values for the heat exchangers at nominal conditions can be found from the above relations 
and passed on to the TRNSYS models. 

3.3.7 THE STEAM TURBINE 
The steam turbine model consists of a high pressure stage, intermediate pressure stage and a low 
pressure stage. Steam extraction to the feedwater heaters is taken from the first and second stage. 
Outlet power of the steam turbine is the sum of all three stages. 

 

 

 

  

 

The user specifies values for inlet pressure, outlet pressure, reference mass flow rate and isentropic 
efficiency. The model evaluates the inlet pressure from the outlet pressure using Stoidolas law of the 
eclipse.[41]. Isentropic efficiencies of the Turbine stages are calculated based on the work of [52] in 
MATLAB before passing the values to TRNSYS using:       = 0.835 + 0.02    (3.17) 

Where:  is the volumetric flow rate in m3/s. 

For the first turbine stage   can be calculated from the ratio of mass flow of steam to the density, since 
the first stage temperature is know and equals TSH , the density can be calculated with the XSteam 

function. For the second and third stages the outlet temperatures are unknown therefore  is calculated 
using a polytrop expansion using: = ( ) ⁄    (3.18) 

The polytrop expansion coefficient (n) is set to 1.32[52].          

Steam inlet 

Extracted steam

Steam to the next stage 

Figure 3-13: Steam turbine stage 
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3.3.8 THE CONDENSER 
Steam leaving the low pressure turbine is guided to the water cooled condenser where the exhausted 
steam is condensed to liquid to be pumped back to the HRSG. Outlet enthalpy of the condensed steam 
equals the enthalpy of saturated liquid at the condensing pressure which can be found using the XSteam 
function from user specified values of the feedwater outlet temperature. Table (3.8) shows assumed 
values for the condenser.  

In TRNSYS the condenser is modelled by using component 383, the model requires inputs such as 
cooling water temperature, temperature increase in cooling water and the temperature difference 

Between cooling water outlet temperature and condensing temperature. In order to calculate the 
condenser power and cooling water flow rate.  

Steam In

Condensate out

Qcond

 

    Figure 3-14: Water cooled condenser 

    Table 3-8: Condenser assumed values 

Cooling water temperature  20 °C 
Temperature increase in cooling water 10 °C 
∆T cooling water out and condensing 
temperature 

5 °C 

3.3.9 PUMPS  
The pump components (condenser pump, feedwater pump) set the flow rate for the rest of the 
components in the Rankine cycle. The pump efficiency is user defined and signifies the portion of the 
pump power is that is converted to heat in the fluid. Maximum flow rate is set by applying a scaling 
factor to the steam flow rate in the cycle, maximum power consumption of the pump can be calculated 
by: =    (3.19) 
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Where: M ̇ max is the maximum flow rate through the pump components, Δ  is the pressure difference 
before and after the pump,  is the fluid density and  is the pump efficiency, a value of 0.85 was 
set for the two pumps.       

  

3.3.10 OPEN FEEDWATER HEATER (DEAERATOR) 
The open feedwater heater is modelled as mixing water preheater with three inlets and one outlet. Open 
feedwater heater is used to remove dissolved gases and non-condensables from the feedwater. Extracted 
steam from second turbine stage and hot condensate flow coming from the closed feedwater heater are 
used to preheat the feedwater coming from the condenser. 

 

 

 

 

 

 

 

Mass flow rate of the outlet feedwater equals the sum of all three inlet mass flows, the demanded mass 
flow of the extraction steam can be found by conducting an energy balance around the Deaerator. ℎ + _ ℎ _ + , ℎ , = , ℎ ,   (3.20) 

Where: _  can be found by applying an energy balance over the closed feedwater heater as shown 
later. Enthalpies of the inlet /outlet streams are found by using the XSteam function with the related 
temperatures /pressures.  

3.3.11 CLOSED FEEDWATER HEATER 
In the closed feedwater heater, high pressure water comes into contact with condensing steam extracted 
from the first turbine stage. Heat transfer occurs in three zones; desuperheating zone where superheated 
steam becomes saturated steam, condensing zone where saturated steam condenses to saturated liquid 
and the subcooling zone where the saturated liquid is cold to a temperature below the saturation 
temperature.  In the TRNSYS model the closed feedwater heater is represented by a steam condenser 
and a subcooler, desuperheating is neglected. UA values for both components are computed using the 
NTU-effectiveness method in MATLAB before passing them to TRNSYS.  

Extracted steam 
Feedwater, inlet 

Condensed steam 
          Feedwater, 
 outlet 

Figure 3-15: open feedwater heater flow diagram 
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  Figure 3-16: Temperature profiles for the feedwater heater. 

 

The demanded mass flow of the extraction steam from the first turbine can be found by conducting an 
energy balance around the pre-heater and subcooler. Two pinch points between the hot and cold 
streams are set in order to carry out the energy balance, the first pinch point: 
  ∆ , = ,  − ,  (3.21) ∆ , = − ,  (3.22)     ℎ , + , ℎ , = ℎ , + , ℎ ,   (3.23) 

 

3.3.12 OTHER COMPONENTS 
 
Other components in the TRNSYS models includes electrical generator Type 428 for both steam cycle 
and gas turbine cycles , centrifugal air blower for the solar air circuit  and different set of equation blocks 
to calculate the total power output of the cycle. 

Subcooler 

Pre-heater 

∆ TMIN, PR= 9°C  

∆ TMIN, SC= 5°C  
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Where CINV is the total investment cost for the project, CO&M the operation and maintenance costs, 

CFUEL is the fuel costs for running the gas turbine, CCARBON  is the carbon emissions costs and 
ENET is the annual net electric power produced by the integrated solar combined cycle power plant. The 
capital recovery factor (CRF) accounts for the time value of money for the investment costs at a specific 
interest rate (d) and over a uniform specified period of time (n). It should be noted that only the 
generation costs are included in the analysis of the power system, transmission and distribution costs are 
out of the project scope. In this work the interest rate will be set to 10 % based on the values issued by 
the World Bank for the ISCC plant in morocco (Ain Beni Mathar) that was completed in 2011 as for the 
lifetime of the plant will be set to 30 years. Table (4.1) lists values for different components used in the 
LCOE such as fuel and water costs. 

  

Table 4-1: Costs / Prices and economical settings (Sources: [53][a], [54][b], [55][c], [56][d] 

Component Abbreviation Value Unit 

Discount ratea D 10 % 

Insurance Rate kINS 1 % 

      Life time N 25 Years 

   Natural gas costb CFuel 10 USD/MMBTU 

   Fresh water costc CWater 1 USD/1000 L 

     Carbon taxd CCarbon 0.688 USD/MWh 

 

 

Figure (4.2) lists the estimated Levelized cost of electricity for new plant concepts [54], it can be seen 
that stand alone solar thermal technologies have the highest figure due to the high investment costs 
while the combined cycle concepts have one of the lowest; which leads to the conclusion that mix 
between the two technologies can lead to favourable LCOE levels.  
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4.1 COST FUNCTIONS 
In order to calculate the total costs of the plant (investment, operation and maintenance and fuel), cost 
functions for the conventional combined cycle components were adapted from the work of Pelster[52] 
with modifications introduced by Spelling [58].The work of Pelster is originally based on 
Frangopoulos[59]. 

To take into account the inflation effects from the year where the original cost functions, the Marshal 
and Swift equipment cost index for 2011[60] is multiplied by each cost function. For example he cost 
index for relating to the year 1991 is calculated as: 

& = && = .     . = 1.662 (4.3)  

4.2 COST FUNCTION OF THE GAS TURBINE CYCLE 
Cost functions for the gas turbine components are based on original models by Frangopoulos with 
modifications by Pelster, the Marshal and Swift index for the year of Frangopoulos s work (1991) equals 
to 930.6. 

4.2.1 COMPRESSOR 
The cost function for the compressor is given by:  = 1. , ,

. Π , ln Π &                               (4.4) 

,  is the reference mass flow of air through the compressor and has a value of 515 kg/s, Π ,   is the reference pressure ratio has a value of 15  and c1 has a value of 27.7 (kg/s)-0.7.    

 Is the correction factor for the efficiency of the compressor and is given by: =       (4.5)  

Where  the polytropic efficiency of the compressor, the constant C2 is has a value of 0.96, which 
accounts for the increase in efficiency since the time of original publication of Pelster’s work. 

4.2.2 COMBUSTOR 
The cost function for the combustion chamber is given by:  = 1. , ,

. &        (4.6) 

Where  is the exhaust mass flow of the combustion chamber at design conditions, ,   is the reference mass flow rate with a value of 460 kg/s, and c1 has a value of 27.7 
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(kg/s)-0.7. And  represent correction factors for the temperature and pressure drop, 
and is given by equations (4.7, 4.8) respectively. = 1 + 0.025. ( − 1600)       (4.7)  = .       (4.8)  

Where  is the outlet temperature and  the pressure drop in the combustion chamber. 

 

4.2.3 TURBINE UNIT 
Cost function for the turbine is similar to that of the compressor and is given by: = 1. , ,

. Π , ln(Π )                                            (4.9)   

  

The constant c1 have a value of 12.4 (kg/s)-0.7, exhaust reference mass flow a value of 460 kg/s and the 
turbine reference pressure ratio equals 15. The efficiency correction factor is calculated using equation 
(4.5) with the difference in the value of C2 which is 0.94; the temperature correction factor  is 
calculated using equation (4.7). 

4.2.4 TURBINE AUXILIARIES  
Auxiliary equipment costs in the gas turbine must be included and is given by: = , ,

.
         (4.10) 

For a reference power output of 160MW ( , ) the reference purchase cost ( , ) equals 4 
million USD. 

 

4.3 COST FUNCTIONS FOR THE STEAM CYCLE 
Cost functions for the steam cycle like those of the gas turbine cycle are also taken from Pelster’s 
work [52]. 

4.3.1 HRSG 
The total cost of the HRSG includes the cost functions of all heat exchangers, piping, gas conduit 
and pumps. 
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= ( + + + ) &                                                    (4.11) 

The cost function for heat exchangers includes the cost of (superheater, evaporator, economizer and 
feedwater heater), where the function for a single heat exchanger is given by: = ∑ . , . , .         (4.12) 

Where C1 equals to 3650$/(kW/K)0.8. K is given by = ∆ ,                                (4.13)  

Where ∆ ,  is the log mean temperature difference between the hot and cold streams of each heat 

exchanger. The pressure correction factor  is a function of live steam pressure and is given by: = 0.0971.  +0.9029                                                      (4.15)   

The temperature correction factors are given by: 

, = 1 + ,              (4.16) 

, = 1 + ,
             (4.17)  

The cost function for piping and gas conduit are given by: = ∑ . ,             (4.18) 

 = .
              (4.19) 

Where C2 equals 11820$/ (kg/s) and C3 = 658$/ (kg/s) 1.2.                                      
   

4.3.2 STEAM TURBINE 
The cost of the steam turbine unit includes the turbogenerator plus the alternator as a function of 
the power output and is given by: = ,  &                      (4.20) 

Where represents the specific costs. =  , .
                     (4.21) 
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Cref and Pref were taken from the work of Pelster and values were chosen that fits the current plant  
Size. The value for Cref is 275$/kW which corresponds to a Pref of 25MW. A temperature correction is  
Applied. 
 = 1 + 0.096. ( − 866)       (4.22)  

 

4.3.3  TURBINE AUXILIARIES  
Cos function for piping and auxiliary equipment of the steam turbine unit is given by: =  , .

                     (4.23) 

In the work of Pelster a reference cost value of 10 Million USD is used for a 75MW combined cycle 
without reheat. 

4.3.4 PUMPS 
Cost functions for the feedwater and condensate pumps are given b: = 422. .  1.41 &        (4.24) 

Where  is the efficiency correction factor and is given by = 1 + .,              (4.25) 

The pump isentropic efficiency is set to 0.85. 

 

 

4.3.5 CONDENSER AND COOLING TOWER 
Total cost of the condensing unit includes the cost of the steam condenser and cooling tower. = +           (4.26) 

The steam condenser cost is calculated as a function of the condensing area ACOND and the cooling 
water flow rate. = ( + ) &         (4.27)  
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Where C1 is 248$/m2 and C2 = 659$(kg/s). The condensing area is found by  

 = .∆            (4.28)  

Where the overall heat transfer coefficient k = 2200W (m2/K). ∆  Is the log mean temperature 
difference. 

The investment for the cooling tower is given by. = 72 3 . ∆ , ∆ , . 2.35 &        (4.29)  

Where the factor 2.35 is introduced to take into account the cost associated with the foundations and 
basin. ∆ ,  is the temperature correction factor taking into account the increase in cost due to the small 

temperature difference between the main cooling water temperature and = − 2⁄  and the 
wet bulb temperature of air   which can be read from the weather data in TRNSYS. 

∆ , = −0.6936. ln( −  ) + 2.8981      (4.30)  

The factor ∆ ,  accounts for the temperature reduction in the cooling tower and is given by. 

∆ , = −0.0013. ∆ + 0.0144. ∆ + 0.0929. ∆ + 0.501             (4.31)  

 

 

 

4.4 COST FUNCTIONS FOR THE SOLAR COMPONENTS     

4.4.1  THE HELIOSTAT FIELD     
Cost functions for the Heliostat field are taken from the work of Kistler, total cost of the heliostat field 
is a function of total mirror size, wiring costs and required land area[61] . The Marshal and Swift index 
for the year of Kistler’s work (1986) equals to 815.  = ( + ) &           (4.32)   

 = . . + 1 6                 
 (4.33) = . (1.3 + 0.18.1 6)        (4.34)  
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Where the cost of the mirrors is given as 120 USD/m2, land cost is 2.9 USD/m2; the additional million 
dollar cost in the heliostat cost is to account for aligning and metrological equipment. The 30 % plus the 
fixed increase in the cost of land is to account for roads and additional land surrounding the plant. 

4.4.2 CENTRAL TOWER 
The cost of the central tower is a function of tower height with the assumption that below a height 
of 120 m the tower will be made of steel whereas above 120 m the towers will be made of 
concrete[61]. = 1.0903. exp(0.0088ℎ)     ℎ < 120 0.7823. exp(0.0113ℎ)     ℎ ≥ 120           (4.35)  

The piping cost for the hot and cold piping between the receiver and the HRSG is based on the simple 
piping model in 3.32 and is given as a function of tower height. = ℎ , + + ,       (4.36) 

The cost of hot piping includes cost of civil engineering at 1300 USD / m and the cost of the pipe 
itself which according to Pelster obtained from Gaznat[62] and is given by. = (22.4 + 11.6 − 0.20 ) &                                                (4.37)  

The factor is introduced to account for the length of pipe used from the receiver to the flow mixer; a 
value of 1.5 is used to account for expansion and extra piping needed. The insulation material cost is 
only included in the hot piping and is given by = .                      (4.38)  

Where ASUR is the surface area of the pipe and the constant C is the cost of insulation material (e.g. 
Fiberglass blankets) at 12 USD/m2. 

4.4.3 SOLAR RECEIVER 
Due to the modular nature of the receiver it can be assumed that cost is a function of receiver 
surface area AREC, the cost function is given by. 

= , . , &                   (4.39)  

Where , = 227  with a reference cost of = 5.766.1 6 USD, the values are based on the 
Phoebus plant design [63]. The Marshal and Swift index for the year of Grasse’s work (1989) equals to 
815. 
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4.4.4 CENTRIFUGAL AIR BLOWER 
Cost for the air blower is a function of the unit volumetric flow rate and is given by equation (4.36) 
which is taken from [64]. = 10^( 1 +  2 ∗  10 ( )  +  3 ∗  ( 10( )) ) &    (4.40) 
                        

4.5 BALANCE OF PLANT COSTS 
For a complete cost analysis of the proposed power plant a number of other costs must be added to the 
cost of equipment; these include the cost of the structures, other components and Contingencies and 
Decommissioning costs.  

4.5.1 ELECTRICAL GENERATORS 
The cost calculations for the electrical generates is a function of the net electrical output and are 
based on cost function proposed by Pelster [52], and is given by. = . &                           (4.41)  

Where CREF  the reference cost is 4 million USD for a reference plant with 160 MWE power output. 

Auxiliary electrical equipment costs are given by. 

= . &                           (4.42)  

Where CREF is the reference cost is 10 million USD for a reference plant with 120 MWE power 
output. 

4.5.2 CIVIL ENGINEERING 
Civil engineering costs include infrastructure and buildings; Table (4.2) lists typical values for civil 
engineering costs as a percentage of the total equipment installed cost [52]. 

    Table 4-2: Infrastructure & building cost 

 
Item 

New Plant 
New Site 

New units at existing 
site 

Expansion at existing 
site 

Buildings 45 % 5 – 18 % 6 % 

Yard improvements 10 % 2 – 4 % 2 % 
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Table (4-2) leads to a simple way to calculate the Civil engineering costs which according to Pelster [52] 
can be misleading and will overestimate the cost estimation; for example the use of different 
technologies inside a gas turbine of a certain size will require the same Infrastructure with A similar gas 
turbine with the same size but not employing the same technologies or materials and so the cost can be 
estimated as a function of a the size the plant . For a combined cycle power plant the reference cost for 
civil engineering CREF, CIVIL = 66.9 million USD for reference power plant with a size of 226 MW. 

, = . &                             (4.43)  

 

4.5.3 NATURAL GAS SUBSTATION 
Natural gas delivered to the Integrated combined cycle power plant needs to be transported through a 
new pipeline connecting the plant with a gas main. According to Pelster [52] the cost function for the 
pipe branch is a function of the maximum flow rate of natural gas required by the power plant and is 
given by. 

= ,
. + &                  (4.43)  

Where  and  are 219,000 USD and 221,000 USD respectively. A station for reducing pressure 
is required to lower the pressure from the pipeline pressure (~ 70 Bar) to the combustor pressure; the 
cost is also a function of the gas flow rate and is given by. 

 = ,
. &                    (4.44)  

4.5.4 CONTINGENCIES AND DECOMMISSIONING 
Unexpected costs related to technical and regulatory difficulties must be taken into account, according 
to the international energy agency [65] a typical contingency cost for combined cycle power plant is 5 % 
of investment costs. In the case of new technologies such as ISCC or first of a kind concepts a higher 
contingency cost can be assumed which is 10 % of investment costs. 

When the plant reach the end of its useful lifetime, the equipment must be dismantled and the site 
restored to the original state, in the case of combined cycle power plants the decommissioning costs can 
be assumed to be equal to the salvage value of the equipment ( e.g. scrap metal value , carbon permits . 
etc). Since the share of the solar part of the power plant is relatively small comparing to the gas fired 
combined cycle a net zero costs for decommission will be assumed [65].  
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4.6 INTEGRATED SOLAR COMBINED CYCLE TOTAL INVESTMENT 
The total investment cost of the plant is then the sum of the costs of the three sub cycles and the 
balance of plant components.  

, = , + , + , + ,     (4.45) 
       

4.7 OPERATION AND MAINTENANCE COST  

4.7.1 FUEL AND WATER COST 
The cost of fuel represents the highest share in O&M costs which depends on the price of the fuel as 
well on the amount of fuel burned annually; the price of natural gas depends on prices in the world 
market. Currently the price of natural gas in importing European countries is around USD 10.5/MMBtu 
[53]. Different fuel prices and their effect on LCOE will be studies later on in the optimization section. 

Water consumption is mainly attributed to mirror and compressor washing. For mirror washing the cost 
is a function of total mirror area and is given by. =         (4.46)   

Where = 50 /  is a constant for typical water consumption in mirror washing 
according to data obtained from the US department of energy, Ch20 = 4 USD/1000Galons represents 
the Price of water for washing and cooling in dry areas for combined cycle power plants [55]. 

 As for compressor washing the cost function is derived from figures of an online washing technique 
[66] and is given by. = +        (4.47)  

Where  &  are 90 lith2o and 0.5 lith2o /(kg/s) respectively , based on data obtained from [66],  
MA  is the mass flow through the compressor and f wash is the washing frequency of the equipment 
which is taken as once per day for each day of plant operation.  

4.7.2 SPARE PARTS AND REPAIRS 
Costs for repairs and spare parts are taken as a percentage of the total equipment costs, building and 
other civil engineering component are assumed to have 1%/yr service charge, the gas turbine cycle 
components at of 2 %/yr , for the Heliostat field due to high probability of mirror breakage a value of 3 
% / yr and for solar receiver , gas piping a value of 4 % /yr is assumed to harsh conditions met by these 
components such as high temperatures. 
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4.7.3 LABOUR COSTS 
Salaries for employees at the power plant need to be taken into account; data on labour costs was 
taken from report by National Renewable Energy Laboratory [67] and is given in table (4.3). 

 

  Table 4-3: Labour Rates (in USD/yr) and Plant Labour Requirements 

 
Salary 

Burdened  
Labour rate 

 Simple 
Gas-Turbine 

Solar 
Gas-Turbine 

Plant Manager 95,000 142,500  0.25 0.25 

Plant Engineer 92,000 138,000  - 1 

Maintenance Supervisor 48,000 72,000  0.25 1 

Gas‐Turbine Technician  
 

40,000 60,000  0.5 1 

Solar Field Technician  
 

40,000 60,000  - NTEC 

Operations Manager  
 

84,000 126,000  - 1 

Control Room Operator  
 

40,000 60,000  - NCONT 

 

For the integrated solar combined cycle power plant each solar tower block will require one plant 
engineer, one maintenance supervisor, and one gas turbine technician. These personnel will be required 
to be permanently on site and thus the constant one is assigned to be multiplied by the total labour rate 
of each employee. Solar field technician will increase with increasing filed size and is given by according 
to [67], [68]. = 1 +          (4.48)  

Where NSPEC is the specific number of persons required for field maintenance, and is given as 3 

personnel per 100,000 m2 of additional heliostat area.  

Personnel needed to control the plant consist of a control manager and control room operators; the 
number of personnel is given by. = 1 +          (4.49)  

Where NSPEC is given as 2 personnel per 100,000 m2 of additional heliostat area. 
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4.7.4 SERVICE CONTRACTS 
For solar thermal power plants three service contracts are usually necessary [67] which are: Ground 
keeping and mirror washing and field control systems. 

Field control systems are given as a fixed value of 100,000 USD, where for ground keeping and 
mirror washing are given by. = 100,000. .

        (4.50)  = 350,000.          (4.51)  

 

4.8 PERFORMANCE INDICATORS 
Alongside the LCOE other important figures of merit can be calculated with the use of the total costs of 
the plant and the net energy produced. 

4.8.1 SOLAR SHARE 
The solar share ( fSOL) is an indicator to measure the percentage of the heat input the solar component 
contribute to the ISCC and is given by. =            (4.52)  

Where QSOL is the heat input of the solar circuit into the cycle and QFUEL is the heat input from the 
combustion chamber. These values were obtained after running the simulation for one year. 

 

4.8.2 CARBON DIOXIDE EMISSIONS 
Reducing carbon emissions is a benefit of adding a solar component to the combined cycle, by 
increasing the solar share of the power plant the amount of fuel burned will be reduced and thus carbon 
emissions to the environment in reduced, furthermore the financial benefits of reducing the cost of 
carbon emissions increases as the mass of CO2 rejected per KWh is reduced. It is assumed that the 
natural gas fuel consists of pure methane, the chemical reaction of burning the fuel is given by. 4 + 3 2 → 2 + 2 2                   (4.53)  

The mass of CO2 rejected is given by. 
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= . ,,                                                                                                                 (4.54)     

  

Where MFUEL,NET annual amount of fuel burned in Kg and PFUEL,NET is the annual power output. 

 

4.8.3 POWER PLANT FUEL EFFICIENCY  
The overall efficiency of the power plant is based on the ratio of the produced power to the total fuel 
input, and is given by:  = ,                                                                  (4.55)  

     
                                                                

4.9 DATA TRANSFER FROM TRNSYS 
The previous performance indicators and the component cost functions are written into MATLAB 
functions, in order to obtain the required yearly values such as the yearly total electricity output and the 
total mass of fuel consumed, data is exported from TRNSYS through type 65 printer component for 
each time step into a TXT file, afterwards the data file is imported in MATLAB and summation is 
applied to obtain yearly values before assigning to the functions.  
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5 OPTIMIZATION	OF	THE	INTEGRATED	SOLAR	COMBINED	CYCLE	
This chapter introduces a brief description of the multi objective optimization concept, followed by a 
detailed description of the integration of the TRNSYS model within a multi-objective optimization 
program in order to find the most feasible plant setup. Objective functions and boundary conditions for 
the optimization process will also be described.  

5.1 MULTI-OBJECTIVE OPTIMIZATION 
The process of simultaneously optimizing two or more objectives is called multi objective optimization 
(MOO). The optimization process is governed by a number of constraints, these constraints plus the 
objectives are functions of the decision variables. Multi objective optimization can be used in many 
fields to maximize profit, minimize cost and numerous other complex problems. In this work multi 
objective optimization will be applied to selected objective functions such as the Levelized cost of 
electricity and solar share or carbon dioxide emissions and solar share. In the following sections a brief 
introduction of the multi objective optimization followed by the selection of objective value and 
decision variables is given.   

The mathematical definition of a multi objective optimization problem can be described as follows         
[69]. 

Maximize  = ( ) = [ ( ), ( ), … , ( )] (5.1) 

Subject to ( ) ≤ 0  , = 1, … … … . .     = ( , , … … . )   ∈        = ( , , … … . )   ∈        
 

Where k is the objective functions, x and y is the decision and objective vectors respectively, X and Y 
are the decision and objective spaces, respectively.  

A unique solution to the optimization problem that satisfies all objectives cannot be found due to the 
nature of the conflicting objectives, one example can be made when the solar share of the power plant 
and the investment cost are chosen as objective functions, we would like to maximize the solar share of 
the plant and minimize the investment cost function. This requires us to increase the relatively expensive 
solar components leading to an increase in the second objective, thus we cannot increase the solar share 
without also increasing the investment cost. 

There exist several approaches to obtaining solutions for multi objective optimization problems such as 
combing all the objective functions into a single objective function ,one example is the enviro -economic 
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to random mutation resulting in new candidates competing with the parents to be in the next generation. 
EA are highly suitable for solving multi objective optimization problems due to the ability to acquire 
numerous Pareto-optimal solutions in a single simulation run[69]. 

 

 

The algorithm of the QMOO can be described in six steps as follows [71]: 

 Creation:  New individuals are created and stored in the queue for assignment. 

 Assignment: The individual is removed from the queue and assigned a set of parameter values; 
the assignment parameters are selected at random when the algorithm is still initializing or by 
applying mutation and reproduction operator when the initialization process is finished.  

 Evaluation: Objective functions area evaluated and the individual is queued for grouping or 
ranking. 

 Grouping: The individual is assigned to a group to be ranked. 

 Ranking: Individuals are ranked and given permission as parents to reproduce. 

 Removal: Individuals are finally removed from the group if their fitness does not meet 
specific requirements.  

 

The QMOO is integrated into the MATLAB environment. It is connected to another toolbox, called 
OSMOSE (A tool for design and analysis of integrated energy systems) developed at LENI. That 
handles and organizes the computation of the MOO.  
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5.2 THE OPTIMIZATION PROCEDURE 
The optimization program follows a black box approach. Figure (5.2) shows a simplified data flow 
of the program. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The optimizer block consists of a numerous Matlab functions; however the user need only modify two 
functions for the optimization process to start. The first function frontend_ISCC is where all the 
optimization specifications are modified, population size is chosen first, a value of 32 is taken and the 
population cluster is set to one, afterwards the number of objective functions is entered with the option 
to either be maximized or minimized during the optimization, following this the number of decision 
variables and their limits is set, finally the number and values of the optimization constants is specified. 
The second function in the optimizer that needs to be modified by the user is osmoseInterface which 
provides the interface between the optimizer and the ISCC Matlab function, osmoseInterface receives the 
decision variables from the frontend_ISCC and passes them to MOO, and then the optimizer assigns 
values to the decision variable for the first evaluation set and passes them back to osmoseInterface which 
creates an input vector containing the decision variables from MOO and passes them on to ISCC 
function. Now the TRNSYS model is called and the results of the simulation are imported back into 
ISCC for calculation of the objective functions and the performance parameters. Afterwards ISCC 
passes these parameters back to osmoseInterface. Now the objective functions are passed on to MOO 
where the optimization commences once the population size is created.  

      TRNSYS    
Model Simulation 

           ISCC 
  MATLAB Model  

       Optimizer 

Decision variables Objective functions

Simulation parameters Simulation results

Figure 5-2: Optimization data flow 
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5.2.1 THERMOECONOMIC OBJECTIVE FUNCTIONS 
Three conflicting objectives were chosen for thermo economic optimization in this work: 

1. Minimization of the plant Levelized cost of electricity (LCOE), as given by equation (4.0). 
2. Maximization of the plant solar share, as given by equation (4.52). 
3. Net present value , as given by equation  (4.2) 

Each time the optimization is run only two out of three conflicting objective functions are selected.  

5.2.2 DECISION VARIABLES / CONSTANTS 
In order for the optimization to be performed a set of decision variable and constants need to be set, the 
optimizer have the ability to modify the decision variables within the limits of the specified range while 
the constants shall keep the same values throughout the optimization process. The gas turbine cycle will 
perform on a constant load throughout the year and so no decision variable concerning the topping 
cycle will be included, four decision variable were chosen for the solar and steam cycle respectively, in 
the ISCC the steam turbine is oversized to accommodate for the increased mass of steam generated by 
the extra solar heat, the two pinch points were chosen as decision variables to optimize the steam 
turbine cost.   

Tables (5.1 & 5.2) show the chosen decision variable and constants for the ISCC cycle. After some trials 
parameters that were found to have a substantial effect on the objectives were chosen as decision 
variable whereas parameters with less importance were set as constants.  

   Table 5-1: Selected decision variable and ranges 

Variable Abbreviation Range Unit 
Number of Field cells NCELL 10-250 # 

Area of Heliostat AHELIO 1.14-10 m2 
Height of Tower HTOWER 50-130 m 

Hot air through the Receiver MAIR 10 - 300 Kg / s 
Evaporator pinch point DTPP 5 - 18 ° C 

Economizer Water Approach DTAP 5 - 12 ° C 
Live steam pressure PSTAGE1 80 - 140 Bar 

Second stage steam pressure PSTAGE2 16 - 24 Bar 
 

   Table 5-2: Selected constants and values 

Constant Abbreviation Value Unit 
GAS Turbine Exhaust Mass Flow MpNom 131.5 Kg / s 

Nominal Compressor Pressure Ratio PRC 19.9:1 - 
Compressor Polytropic Efficiency ISC 0.89 - 

Turbine Polytropic Efficiency ISGT 0.91 - 
Firing Temperature TFIRE 1200 ° C 

Maximum Receiver Temperature TREC 544 ° C 
Fuel Price CFUEL 10.3 USD / MMBTU 
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7 	CONCLUSIONS	AND	FUTURE	WORK	
 

The first part of the study concluded that central receiver tower systems working with atmospheric air as 
a HTF fluid are a suitable option for integrating concentrating solar power into conventional power 
cycles. The simplicity, safe operation and predicted cost reduction gives this technology an edge over the 
existing CSP technologies. 

A model of the Integrated Solar combined cycle was created in the simulation software TRNSYS, 
transient simulation covering the performance for a complete year was evaluated, t weather data for the 
two locations were generated by the software Meteonorm, the data contains hourly values of solar 
radiation and metrological data, the model can be tested for different locations by simply changing the 
weather data file and update the heliostat field efficiency matrix function in MATLAB. 

The thermo economic optimization was done by suing an evolutionary multi objective optimiser in 
MATLAB. The results of the investigated model show that an annual solar share of about 5, 7 % can be 
achieved in low, high DNI locations respectively. These results show reasonable values when compared 
with solar share values (around 4 %) from recently built ISCC plants in Egypt and Morocco[76]. The 
limited solar shares is attributed to limitations in the oversized steam cycle, first the increased amount of 
steam generated in the unit cannot go above a certain limit, second the heat input to the cycle in non-
solar hours is too low to produce the design live steam pressure resulting in a pressure drop reaching in 
some designs to almost 50 %.  

Reduction of CO2 emissions in the ISCC is small; by increasing the total power output of the plant the 
carbon emissions can be reduced relatively (compared to the same power output from a complete fossil 
fired plant which burn fuel to achieve the same increased output), although the reduced share is small it 
can amount to a significant reduction if the cycle size was increased. 

The economic analysis showed that the Levelized cost of electricity to be in the range of 10.5-14 USDc/ 
KWh, comparing these values with CSP only plant having LCOE in the range of 15-20 USDc/KWh 
[29],[39] shows that ISCCS offers attractive and favourable levelized electricity costs . It should be noted 
though for a thorough comparison the two different plants should have the same conditions (DNI, 
Capacity  ...etc) but the values in general show that for ISCC generation costs are lower. NPV analysis 
showed that for a positive return on the solar investment a minimum solar share of 3.5 % and maximum 
of 7.2 % should be followed in the design. 

The result from this study show the potential of integrating atmospheric central receiver tower into 
combined cycle power plants, for future work a number of measures can be implemented to further 
improve the design: 

 A better design for the air circuit should be studied, the mixture of flue gasses and hot air should 
be pumped back to the solar receiver raising the efficiency and resulting in a more stable 
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operation since the receiver will be able to maintain the maximum temperature for a longer 
period of time. 

 The HRSG in the steam cycle should be simulated for two pressure levels instead of one in 
order to better use the exhaust heat; furthermore a single reheat steam cycle can be modelled 
thus further increasing the efficiency.  

 Different sizes of the combined cycle should be studies to find the most economical designs. 

 

The simulations show that ISCC are a low cost, highly dispatchable source of power, even though only 
small amount of solar share can be incorporated (3.5 % - 7 %), the potential of deploying this 
technology in all newly built combined cycle plants should lead to an important amount of reduced 
emissions, drive for cost reduction for the solar components and job creation. the green message the 
ISCC can pave the way for wider acceptance of renewable energy sources on a big scale.  
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