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RESUMEN (en español) 

La incorporación de energía termosolar a las centrales de ciclo combinado representa un 
importante avance para aumentar su potencia y eficiencia energética. Con el objetivo de 
mejorar el rendimiento y la sostenibilidad de la generación de energía, esta tesis examina los 
beneficios y desafíos de esta hibridación. Al utilizar energía solar térmica para aumentar la 
generación eléctrica a partir de combustibles, las centrales híbridas termosolares de ciclo 
combinado integran dicha energía en ciclos convencionales de turbinas de gas y de vapor, 
mejorando la eficiencia energética y reduciendo las emisiones de carbono. 

El objetivo de esta tesis es estudiar los aspectos técnicos y medioambientales de la integración 
de la energía termosolar en centrales de ciclo combinado. El fin de la investigación es 
maximizar la utilización de la energía solar y la integración adecuada mediante la optimización 
del funcionamiento del sistema híbrido. Se examinaron diferentes configuraciones y esquemas 
de operación, en los que la energía solar térmica se integró tanto en el ciclo superior de gas 
como en el ciclo inferior de vapor. Se aplicaron dos estrategias de operación: ahorro de 
combustible, para reducir la cantidad de combustible consumido en la planta, y el aumento de 
potencia, para maximizar la potencia de salida global de la planta híbrida. También se evalúa la 
capacidad de la hibridación para reducir las emisiones de gases de efecto invernadero y la 
dependencia de los combustibles fósiles, destacando sus beneficios medioambientales. 

Se ha implementado un modelo termodinámico de una central eléctrica real de ciclo combinado 
utilizando el software MATLAB. Posteriormente, se ha modificado el modelo para estudiar el 
rendimiento del sistema híbrido para diferentes posiciones de integración de la energía solar 
térmica y distintos esquemas de operación. El estudio muestra que la integración de la energía 
solar térmica en las centrales de ciclo combinado puede mejorar en gran medida su eficiencia 
térmica, aumentando la producción de energía y disminuyendo el consumo de combustible. Los 
resultados indican que las plantas híbridas pueden aumentar su eficiencia hasta en un 5% de 
media y su potencia de salida en un 8,5%. 

Esta investigación pone de manifiesto la importancia de utilizar la energía solar térmica como 
alternativa renovable y sostenible al gas natural, con el objetivo de construir una infraestructura 
energética más resiliente y respetuosa con el medio ambiente. También muestra los beneficios 
de integrar la energía solar térmica en una central eléctrica de ciclo combinado para mejorar su 
producción de energía y su eficiencia energética. En este sentido, los resultados clave, las 
ideas y las directrices proporcionadas en este trabajo pretenden contribuir a generar futuros 
avances en la generación de energía sostenible. 



                                                                 

 

RESUMEN (en Inglés) 
 

A significant step forward in the goal of increasing power output and energy efficiency is the 
incorporation of solar thermal power into combined cycle power plants. Aiming to improve the 
performance and sustainability of power generation, this work examines the benefits and 
challenges of this hybrid technology. By utilizing solar heat to increase fuel-based electricity 
generation, hybridized solar thermal combined cycle power plants integrate solar thermal 
energy into conventional gas turbine and steam cycles, improving energy efficiency and 
reducing carbon emissions. 
 
The objective of this thesis is to study technical and environmental aspects of integrating solar 
thermal power into combined cycle power plants. The goal of the research is to maximize solar 
energy utilization and adequate integration by optimizing the operation of the hybrid system. 
Different setups and operating schemes were examined, where solar thermal power was 
integrated into the top gas cycle and into the bottom steam cycle. Two operating strategies were 
applied: fuel saving, to reduce the amount of fuel consumption in the power plant, and power 
boosting, to maximize the overall output power of the hybrid plant. The ability of hybridization to 
reduce greenhouse gas emissions and the dependence on fossil fuels is also discussed, 
highlighting their environmental benefits. 
 
A thermodynamic model of a real combined cycle power plant has been implemented using 
MATLAB software. Afterwards, the model has been modified to study the performance of the 
hybrid system for different solar thermal power integration positions and operating schemes. 
The study shows that integrating solar thermal power into combined cycle power plants can 
greatly improve their thermal efficiency, increasing power output and decreasing fuel 
consumption. The results indicate that hybrid plants can increase their efficiency by up to an 
average of 5% and their output power by 8.5%.  
 
This research highlights the importance of using solar thermal energy as a renewable and 
sustainable alternative to natural gas, aiming to build a more resilient and ecologically friendly 
energy infrastructure. It also emphasizes the value of integrating solar thermal power in a 
combined cycle power plants to enhance power output and energy efficiency. The key results, 
insights and guidelines provided in this work aim to contribute to future advancements in 
sustainable power generation. 
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ABSTRACT 

A significant step forward in the goal of increasing power output and energy efficiency 

is the incorporation of solar thermal power into combined cycle power plants. Aiming 

to improve the performance and sustainability of power generation, this work examines 

the benefits and challenges of this hybrid technology. By utilizing solar heat to increase 

fuel-based electricity generation, hybridized solar thermal combined cycle power plants 

integrate solar thermal energy into conventional gas turbine and steam cycles, 

improving energy efficiency and reducing carbon emissions. 

The objective of this thesis is to study technical and environmental aspects of 

integrating solar thermal power into combined cycle power plants. The goal of the 

research is to maximize solar energy utilization and adequate integration by optimizing 

the operation of the hybrid system. Different setups and operating schemes were 

examined, where solar thermal power was integrated into the top gas cycle and into the 

bottom steam cycle. Two operating strategies were applied: fuel saving, to reduce the 

amount of fuel consumption in the power plant, and power boosting, to maximize the 

overall output power of the hybrid plant. The ability of hybridization to reduce 

greenhouse gas emissions and the dependence on fossil fuels is also discussed, 

highlighting their environmental benefits. 

A thermodynamic model of a real combined cycle power plant has been implemented 

using MATLAB software. Afterwards, the model has been modified to study the 

performance of the hybrid system for different solar thermal power integration positions 

and operating schemes. The study shows that integrating solar thermal power into 

combined cycle power plants can greatly improve their thermal efficiency, increasing 

power output and decreasing fuel consumption. The results indicate that hybrid plants 

can increase their efficiency by up to an average of 5% and their output power by 8.5%.  

This research highlights the importance of using solar thermal energy as a renewable 

and sustainable alternative to natural gas, aiming to build a more resilient and 

ecologically friendly energy infrastructure. It also emphasizes the value of integrating 

solar thermal power in a combined cycle power plants to enhance power output and 

energy efficiency. The key results, insights and guidelines provided in this work aim to 

contribute to future advancements in sustainable power generation. 
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RESUMEN 

La incorporación de energía termosolar a las centrales de ciclo combinado representa 

un importante avance para aumentar su potencia y eficiencia energética. Con el objetivo 

de mejorar el rendimiento y la sostenibilidad de la generación de energía, esta tesis 

examina los beneficios y desafíos de esta hibridación. Al utilizar energía solar térmica 

para aumentar la generación eléctrica a partir de combustibles, las centrales híbridas 

termosolares de ciclo combinado integran dicha energía en ciclos convencionales de 

turbinas de gas y de vapor, mejorando la eficiencia energética y reduciendo las 

emisiones de carbono. 

El objetivo de esta tesis es estudiar los aspectos técnicos y medioambientales de la 

integración de la energía termosolar en centrales de ciclo combinado. El fin de la 

investigación es maximizar la utilización de la energía solar y la integración adecuada 

mediante la optimización del funcionamiento del sistema híbrido. Se examinaron 

diferentes configuraciones y esquemas de operación, en los que la energía solar térmica 

se integró tanto en el ciclo superior de gas como en el ciclo inferior de vapor. Se 

aplicaron dos estrategias de operación: ahorro de combustible, para reducir la cantidad 

de combustible consumido en la planta, y el aumento de potencia, para maximizar la 

potencia de salida global de la planta híbrida. También se evalúa la capacidad de la 

hibridación para reducir las emisiones de gases de efecto invernadero y la dependencia 

de los combustibles fósiles, destacando sus beneficios medioambientales. 

Se ha implementado un modelo termodinámico de una central eléctrica real de ciclo 

combinado utilizando el software MATLAB. Posteriormente, se ha modificado el 

modelo para estudiar el rendimiento del sistema híbrido para diferentes posiciones de 

integración de la energía solar térmica y distintos esquemas de operación. El estudio 

muestra que la integración de la energía solar térmica en las centrales de ciclo 

combinado puede mejorar en gran medida su eficiencia térmica, aumentando la 

producción de energía y disminuyendo el consumo de combustible. Los resultados 

indican que las plantas híbridas pueden aumentar su eficiencia hasta en un 5% de media 

y su potencia de salida en un 8,5%.  

Esta investigación pone de manifiesto la importancia de utilizar la energía solar térmica 

como alternativa renovable y sostenible al gas natural, con el objetivo de construir una 

infraestructura energética más resiliente y respetuosa con el medio ambiente. También 

muestra los beneficios de integrar la energía solar térmica en una central eléctrica de 

ciclo combinado para mejorar su producción de energía y su eficiencia energética. En 

este sentido, los resultados clave, las ideas y las directrices proporcionadas en este 

trabajo pretenden contribuir a generar futuros avances en la generación de energía 

sostenible. 
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In this first chapter, the global energy context and clean energy crisis are discussed, 

where the importance of renewable energy resources in power generation for the 

essential needs is highlighted. Additionally, this chapter presents the difficulties and 

disadvantages of gas power plants that contributed to the shift in the use of renewable 

energy resources for generating power. Finally, the research methodology based on the 

main objectives is discussed and an outline of the thesis document is presented. 

1.1 Global climate change crisis 

The global climate change crisis that the world is currently experiencing is 

unprecedented in scope and complexity. This crisis is having a significant impact on 

markets, politics, and economies across the globe. The past decade has been the 

warmest on record due to the catastrophic acceleration of the global climate change 

problem. NASA reports that since the late 19th century, the average surface temperature 

of the Earth has increased by around 1.1°C [1], mostly as a result of rising carbon 

dioxide emissions and human activity. If immediate action is not taken, the 

Intergovernmental Panel on Climate Change (IPCC) cautions that the rate of warming 

by 2030 is likely to be higher than 1.5°C [2]. The effects are dire: since 1880, sea levels 

have risen by roughly 20 cm [3], and the rate is increasing. Furthermore, there has been 

an increase in the frequency and severity of extreme weather events including 

hurricanes, wildfires, and droughts. Over $100 billion in damages were caused globally 

by climate-related disasters in 2023 alone, underscoring the critical need for action to 

avert this escalating problem [4]. 

There is a scarcity of affordable, safe, and low-carbon large-scale energy solutions 

worldwide. The world will continue to face two energy issues as long as fossil fuels 

dominate our energy system: hundreds of millions of people lack access to clean 

energy, and the climate change and other negative health effects like air pollution. To 

guarantee that everyone has access to clean and safe energy, the current state of the 

world energy use, its effects, and how they have evolved over time must be understood. 

International energy commerce is undergoing a significant reorientation that will 

address long-standing vulnerabilities while also posing new market concerns. 

Primary energy world consumption increased by +297% over the past 58 years, it is 

annotated as 43,361 TWh in 1965 and 172,119 TWh in 2023 [5]. Primary energy 

comprises the energy required by the end user for things like heating, transportation, 

and power, as well as inefficiencies and energy lost during the conversion of raw 

materials into a form that can be used. The same trend happens in all continents around 

the universe, Asia witnessed the highest increasing rate of 1,602% to reach a 

consumption of 91,422 TWh in 2023 [5]. In contrast, Europe showed one of the lowest 

rates, +49%, as the consumption of primary energy increased from 19,275 to 28,667 

TWh during the period 1965-2023 [5]. Currently, China, United States and India take 

the lead of countries with the highest primary energy consumption with consumption 

of 47,428 , 26,189 and 10,838 TWh respectively [5]. The past statistics reflect the 

significant effect of the energy production sources to provide this enormous energy 

quantity.  

Fossil fuel consumption has been increasing rapidly during the past decades. The world 

noticed an absolute increase of +99,736 TWh in consumption between the period 1965 
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to 2023, which represents an increasing percentage of +246% [5]. Figure 1.1 shows the 

fossil fuel consumption growth for continents between 1965-2023, Asia has the largest 

rate of consumption growth, with 77,848 TWh in 2023 compared to 4948 TWh in 1965 

(+1473%) [5]. With respective consumption of 1560 and 4661 TWh, Oceania and South 

America exhibited the lowest consumption among the continents in 2023 [5]. China, 

with the world largest population, surpassed all other countries in terms of fossil fuel 

use, consuming 38,677 TWh in 2023 [5]. 

 

Figure 1.1 Primary energy consumption from fossil fuel [5] 

 

Figure 1.2 Share of primary energy consumption from renewable sources [5] 

Presently, about one-seventh of the primary energy in the globe comes from renewable 

technology [5]. Figure 1.2 shows the share of primary energy consumption from 

renewable resources for all the continents over the past 58 years. In 1965, the renewable 

energy technologies were not well known for the energy production sector around the 

world, where only 6.45% of the world primary energy come from renewable resources 

[5]. The technological revolution and the need for clean energy has led to a great interest 
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in using the renewable energy sources over the past decades where lots of efforts have 

been carried out by most of the countries in the renewable energy field. Comparing the 

renewable energy consumption for 1965 to 2023 shows the significant expansion of 

renewable consumption, When it comes to the percentage of primary energy consumed 

from renewable sources, Norway and Sweden lead the way with 72.09 and 53.89% 

respectively [5]. Among every continent, South America has the largest percentage of 

energy originating from renewable sources in 2023, 38.3% [5]. Particularly in nations 

like Brazil, its significant reliance on hydropower is probably the cause of this sharp 

increase. Europe is another region that is growing quickly; by 2023, renewable energy 

will account for almost 18% of all energy consumed there as shown in Figure 1.2. 

Through initiatives like the European Green Deal, which encourages investments in 

solar, wind, and biofuels, the region has demonstrated its commitment to renewable 

energy [5]. 

1.2 The energy transition 

Urbanization, improved lifestyles, and demand for electricity on a global scale are 

steadily rising along with world population growth and the per capita energy 

consumption rate of modern life, thus global energy demand is driving up [6]. Energy 

efficiency and the diversification of electrical energy resources are essential for 

sustainable development given the sharp rise in the world energy needs. In order to 

enable the necessary global grid diversification, numerous renewable energy sources 

(RES) are currently undergoing research and development (R&D). The penetration of 

RESs is steadily rising in many different energy sectors, including thermal energy 

(heating or cooling), fuel (transportation), and electric power, as shown in Figure 1.3. 

Only 30% of the total worldwide power consumption is from renewable energy [7]. As 

a result, decision-makers in the power production industry are becoming more and more 

focused on the positive aspects of using renewable energy over other sources. 

 
Figure 1.3 Renewable energy in total final energy consumption, by final energy 

use, 2020 [7] 

Over 80% of the primary energy produced today comes from fossil fuels, of which coal 

accounts for 27% [8], [9]. The international renewable energy agency (IRENA) predicts 

that the share of renewable energy will climb to 66% by 2050 from its present prediction 

of 28% by 2030, which means that current supply must expand by at least ten times 

[10]. Furthermore, from its current supply of 30%, renewable energy is expected to 

increase to 57% by 2030 and 86% by 2050 in the power sector [11]. Figure 1.4 shows 

the renewable energy evolution in electricity generation for the past 10 years, solar and 

wind share increased 9.3% , from 2.8% in 2012 to 12.1% in 2022 [7].  
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Figure 1.4 Share of renewable electricity generation, by energy, 2012-2022 [7] 

Figure 1.5 shows the present state of RESs around the world as of 2010-2023. In 2023, 

there were 3.8 TW of installed capabilities. More than 1.4 TW of this capacity came 

from solar energy resources, 1.2 TW from hydropower, and 1 TW from wind energy 

sources [12]. 

 
Figure 1.5 Total installed capacity per renewable energy source worldwide [12] 

In agreement with earlier statistics, there is a lot of interest in using renewable sources, 

like solar energy, to generate electricity and fuels because of the rising energy demand 

and the corresponding rise in greenhouse gas emissions. Figure 1.6 reflects the global 

orientation towards the expansion of utilization of solar energy and how much the 

investment in such technology has swelled up during the previous past years. The total 

solar investment has increased by 36% from 2018 to 2022 to reach a total of 310 billion 

dollars in 2022 [7]. 
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Figure 1.6 Global investment in Solar technology, 2018-2022 [7] 

1.3 Challenges and drawbacks of gas power plants 

One of the primary sources that contributes significantly to the global share of 

electricity production are gas power plants. Simple-cycle gas turbines, which use heated 

gas to drive a turbine, and combined-cycles, which use the waste thermal energy of the 

gas turbine exhaust gases to generate steam to power a steam turbine, are the two most 

popular types of power plants. With a 22% global share in gas power generation, natural 

gas ranks second in terms of power generation sources, after coal [13]. In addition to 

being utilized extensively to generate electricity, natural gas is a fuel that may be used 

for cooking, heating, and in the chemical industry. As a result, over the past 20 years, 

there has been a net increase in the world consumption of natural gas, partially due to 

the rising energy demand.  

Global gas power generation increased from around 6,017 terawatt-hours in 2020 to a 

peak of nearly 6,100 terawatt-hours in 2021. With 528 GW, the United States has the 

largest gas power capacity of any nation and nearly one-third of the global operating 

capacity with 987 natural gas power stations installed, as shown in Figure 1.7. The US 

ranks fourth in the world among the nations with the most gas power capacity under 

development, with plans to add about 33 GW of new gas capacity in the upcoming 

years. Asia is predicted to see the most expansions of power plants [13]. 
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Figure 1.7 Number of natural gas power stations worldwide as of 2022 [13] 

1.4 Integrating solar energy with gas power stations: A hybrid approach 

to sustainable energy 

Combining renewable energy sources with conventional ones offers a promising 

pathway in the search for sustainable energy solutions. Solar energy is one of the most 

widely available and environmentally renewable energy sources. The overall 

sustainability and efficiency of energy production can be greatly increased when solar 

energy is combined with gas power plants. 

Gas power plants offer a consistent and manageable energy output because of their 

well-established infrastructure. They do, however, contribute to the depletion of scarce 

natural resources and cause greenhouse gas emissions. These plants can lower their 

operating cost and carbon footprint by incorporating solar energy to offset a portion of 

their fuel usage. By utilizing a hybrid technique that combines solar thermal energy 

with gas power during the strongest solar hours, non-renewable resource consumption 

is minimized, and a more reliable energy supply is guaranteed. 

Furthermore, increased grid stability and energy security may result from the use of 

solar and gas energy together. The steady output from gas power plants may efficiently 

mitigate the solar power, guaranteeing a steady supply even in the absence of Sunlight. 

This synergy facilitates the shift to a more sustainable energy system while 

simultaneously encouraging a cleaner environment. As we move towards a future 

where energy requirements are satisfied without endangering the health of our planet, 

we must embrace such hybrid solutions. 

1.5 Research gaps 

Although integrating solar energy into gas power plants has the potential to improve 

efficiency and sustainability, there are still several research gaps unaddressed. The field 

of power production through the combination of renewable energy resources with gas 

power plants is still developing over the past decade. Surveying the literature, 

contribution could be made to the optimization of hybrid power plants systems to 
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maximize their energy output. Research on integrated solar combined cycle (ISCC) 

power plants is crucial to achieve a more sustainable energy future. Some of the 

consulted previous works addressed the possibility of solar thermal power integration 

in a combined cycle (CC) power plant, whether in the top gas cycle, or within the 

bottom steam cycle, with most of them seeking to increase plant output power 

generation. 

The research gap could be summarized as the lack of a comprehensive study that 

discusses different possibilities for solar energy integration within a combined cycle 

power plant throughout integrating solar thermal power at several positions (in the top 

gas cycle and in the bottom steam cycle) to optimize its energy efficiency and reduce 

fuel consumption and carbon emissions as much as possible; all of them considering 

two different operating strategies: fuel saving and power boosting. A detailed 

comparison between the different integrating positions and operating strategies would 

provide valuable guidance in this field. 

1.6 Thesis objectives 

The summary of the literature review presented before and that will be discussed in the 

next chapter shows the significance of the objectives of this work. The worldwide trend 

during this era is to provide clean and carbon free energy solutions that will protect the 

planet from the expected environmental disasters in the near future. The fundamental 

objective of this work is to generate knowledge about ISCCs and analyze their 

performance under some selected configurations to achieve either: fuel saving or power 

boosting. The specific objectives can be summarized as follows: 

1. Implement a complete model for an operating combined cycle power plant.

2. Modify the combined cycle power plant model by integrating a solar field to

build a complete ISCC model.

3. Study the optimum operating conditions for fuel saving and power boosting for

different ISCC configurations.

1.7 Research Methodology 

To fulfill the proposed thesis objectives, the research methodology was developed as 

follows: 

• Firstly,  a literature review on the thesis topic was conducted to understand the

topic and find the research gaps in the past relevant research.

• Next, a complete thermodynamic model for an operating combined cycle power

plant was implemented based on the available operating data in MATLAB.

• After that, the integrated solar combined cycle model was developed where

different ISCC models were studied for various solar integration positions

(some at the top gas cycle and others at the bottom steam cycle) under different

operating strategies: fuel saving and power boosting.

• Finally, results of each ISCC model were analyzed and different operating

constraints were revealed. The optimum configurations for each operating

strategy were highlighted and compared.
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1.8 Thesis outline 

In this section, the structure of this document and the main topics discussed in each 

chapter are provided. The introduction “Chapter 1” where the motivation for the work 

is presented and overview of the root of the problem are depicted. “Chapter 2” presents 

the literature review; previous related works are discussed to find the research gaps in 

the study of the integrated solar combined cycle power plants. “Chapter 3”, the 

methodology of implementing the thermodynamic model for the combined cycle and 

the integrated solar combined cycle power plant is presented. In “Chapter 4” the results 

are presented and compared to find the optimum cases that should be considered. 

Finally, “Chapter 5” concludes the work by highlighting the key conclusions and the 

accomplishment of the thesis objectives. An overview of possible future research lines 

is also presented.
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In this chapter, a literature review of research on integrated solar combined cycles 

(ISCC) is presented. The ISCC mainly consists of a combined cycle and a solar field. 

The first section will define the components of the combined cycle separately, then the 

solar field technology will be explained. Other renewable resources will also be 

presented and compared with the solar field technology. Moreover, different operating 

schemes for the ISCC will be discussed.  

2.1 Natural gas combined cycles 

A combined cycle (CC) power plant is a type of power plant that uses both gas turbine 

and steam turbine technologies to generate electricity. It is designed to increase overall 

efficiency by capturing waste heat from the gas turbine in a Heat Recovery Steam 

Generator (HRSG) to power a steam turbine, as shown in Figure 2.1. CC have been 

found to achieve efficiencies up to 60% and are now widely used throughout the world 

as the primary source of electricity [14]. 

Figure 2.1 Combined cycle power plant [15] 

2.1.1 Top gas cycle 

George Brayton first proposed the Brayton cycle for application in the reciprocating 

oil-burning engine he created around 1870 [16]. Only gas turbines, where both the 

compression and expansion processes occur in rotating machinery, are employed 

nowadays. Gas turbines usually operate on an open cycle. The gas turbine cycle consists 

of three main components: compressor, combustion chamber and turbine. Fresh air (1) 

is brought into the compressor at ambient temperatures, as a result temperature and 

pressure increase. In the combustion chamber (2), the fuel is added and burnt under 

constant pressure with the high-pressure air introduced. Within the turbine (3), the 

resulting high-temperature gases expand to atmospheric pressure and generate power 

as shown in Figure 2.2 [16]. Finally, exhaust gases are sent to the HRSG.  
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Figure 2.2 Gas turbine cycle diagram 

2.1.2 Heat recovery steam generator (HRSG) 

A heat recovery steam generator is a heat exchanger that recovers thermal energy from 

the exhaust gases of a gas turbine then heats water for generating steam for the bottom 

steam cycle, boosting efficiency from a range of 35% to 40% for a simple gas turbine 

cycle to a range of 55% to 60% in a combined cycle. The HRSG is composed of three 

main modules: the economizer, the evaporator, and the superheater as shown in Figure 

2.3. The first stage of water heating is through the economizer. It employs low grade 

heat to warm the feedwater that is returning from the steam turbine to the boiler. Then 

water is fed into the evaporator which heats up the water to its boiling point.  

Water and steam are separated in a steam drum at the evaporator. From the upper part 

of the drum, the separated steam is extracted and transported to the third module, also 

known as the superheater. The saturated water at the bottom of the drum is recirculated 

through the evaporator. In the superheater, the temperature of the steam is increased 

over saturation conditions before entering the steam turbine. The three modules are 

placed so that the superheater is exposed to the hottest gas. The evaporator comes next, 

and before the exhaust gas is expelled via the plant stack, the economizer absorbs heat 

from the coolest exhaust gas. Many contemporary combined cycle plants use HRSGs 

with two or three economizer-evaporator and drum-superheater configurations to 

supply steam at two or three pressure levels, with the components organized by 

decreasing order of steam and water temperature.  
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Figure 2.3 Heat recovery steam generator diagram [17] 

2.1.3 Bottom steam turbine cycle 

When exhaust gases are passed through the HRSG, steam is generated. Superheated 

steam, generated at the superheater, enters the steam turbine, where it expands and 

generates power by rotating a shaft connected to an electric generator. Steam from the 

turbine outlet is directed to the condenser. In the condenser steam is condensed at 

constant pressure by rejecting heat to a cooling medium such as a lake or a river. The 

cycle is completed when saturated liquid water enters the condensate pump flowing 

back to the HRSG as shown in Figure 2.1.  

The following section will study one of the most mature renewable energy resources, 

solar energy, and its beneficial impact on the environment by reducing CO2 emissions 

from non-renewable energy sources. It will also describe how solar energy could be 

integrated with traditional electricity generation systems to help reducing climate 

change effects.   

2.2 Solar radiation 

The Sun is a gigantic sphere, 1.39⋅109 m diameter, of hot and luminous gases which is 

mostly made of hydrogen and helium [18]. It produces energy by nuclear fusion in its 

core, which releases a massive amount of heat and light as hydrogen atoms unite to 

form helium. Through the Sun layers, this energy moves outward and eventually 

reaches the surface, where it is released as radiation in the form of Sunlight. Only 8 

minutes and 20 seconds after leaving the Sun, which is 1.5⋅1011 m away from Earth, 

solar energy reaches the Earth. The effective blackbody temperature of the Sun is 5762 

K [18]. The central zone has much greater temperature, which ranges from 8⋅106 to 

40⋅106 K. Generating about 3.8⋅1020 MW, or 63 MW per square meter. The Earth only 

blocks 1.7⋅1014 kW, a very small percentage of the total radiation emitted [18]. Even 

with this tiny portion, the amount of solar radiation that falls on Earth for 30 minutes 

would be sufficient to cover global energy needs for an entire year.  

Solar radiation is a general word for the electromagnetic radiation that the Sun emits. It 

is also sometimes referred to the solar resources or just solar rays. A multitude of 

devices can be used to collect solar radiation and transform it into useful forms of 

energy, such as heat and electricity. However, the technological viability and cost-

effectiveness of these systems in a particular area depends on the available solar 
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resource available. Any given point on the Earth surface receives a different amount of 

solar radiation depending on the geographic location, time of day, season, local 

landscape, and local weather. The Sun shines on the surface of the Earth at various 

angles, from 0° (just above the horizon) to 90° (straight overhead). The more slanted 

Sun rays are, the longer they travel through the atmosphere, the more dispersed and 

hazier they become. The cold polar regions never receive a high solar radiation level 

since the Earth is spherical, and because of the tilted axis of rotation, these regions get 

no Sun rays at all for a portion of the year. 

Some of the Sunlight is absorbed, dispersed, and reflected as it travels through the 

atmosphere by air molecules, water vapor, clouds, dust, pollutants, forest fires, and 

volcanoes. This is called diffuse solar radiation. Direct beam solar radiation is the type 

of solar radiation that directly reaches the surface of the Earth. Global solar radiation is 

the total of both diffuse and direct Sun radiation. Direct beam radiation can be reduced 

by atmospheric conditions by 10% on clear, dry days and by 100% on days with heavy 

clouds. Total radiation on a horizontal surface or total radiation on a surface that tracks 

the Sun are the two common ways that solar energy is measured. The density of solar 

energy in the atmosphere is roughly 1360 W/m2, but on the surface of the planet, it 

drops to 1000 W/m2 [19].  

 
Figure 2.4 Classification of solar energy conversion technologies [20] 

As depicted in Figure 2.4, solar energy conversion technologies may be divided into 

active and passive technologies. While an active solar system absorbs solar radiation, 

passive technologies involve capturing solar energy without converting solar thermal 

or electromagnetic energy [20]. Passive systems are built in a way that maximizes the 

utilization of solar heat or light through placement, design, or material selection where 

passive solar heating systems are considered to be a simple and cost-effective way to 

take advantage of the free solar renewable energy and displace the need for electricity, 

natural gas, or other active energy systems. Orienting buildings to receive as much 

sunshine as possible, using thermal mass materials like brick or concrete that absorb 
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heat during the day and release it at night, and installing windows or shading systems 

to regulate the amount of Sunlight entering a space are a few examples. 

Passive systems emphasize the utilization of solar energy through architectural 

elements and materials that support natural heating, cooling, and lighting. They are less 

complicated and require no external energy to operate. 

Active systems have components that transform solar energy into more useful forms, 

such electricity or hot water. In order to transform solar energy into heat and power, the 

active solar system needs mechanical and electrical apparatus (such as pumps or fans). 

Photovoltaic (PV) and concentrated solar power (CSP) technologies are two categories 

of active solar energy technology. In an active solar space heating system, a solar 

collector which holds a heat-transfer medium such as air or liquid captures the Sun 

thermal energy that will further be distributed through the system, is an essential part 

of the heating system. In the realm of producing electricity, the solar collector functions 

as the connecting element between solar energy and power plants, solar collector is 

integrated with a combined cycle power plant to captures solar energy and transfer it to 

useful form. The following section will discuss the differences between solar collector 

types and how the solar energy is collected and transferred to useful heat in the power 

generation systems. 

2.3 Solar collectors 

Solar energy collectors are designed to capture and concentrate solar thermal energy to 

be converted to useful heat. By absorbing sunlight and converting it into thermal 

energy, they play a critical part in solar heating systems. This energy can be used for 

room heating, water heating, or even power generation. They work in tandem with heat 

exchangers to transform solar thermal energy into the internal energy of the transport 

medium. The solar collector is one of the important parts of any solar system. Solar 

collectors are commonly utilized to provide clean and renewable energy in residential, 

commercial, and industrial applications. There are basically two types of solar 

collectors: non-concentrating or stationery and Sun tracking or concentrating. 

 
Figure 2.5 Flat plate solar collector 
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2.3.1 Non-concentrating collectors 

Non-concentrating collectors are the type of solar collector in which the collector area 

(the area that intercepts solar radiation) is the same as the absorber area (the area 

absorbing solar energy). Flat plate (FPC) and evacuated tube (ETC) collectors are 

shown in Figures 2.5 and 2.7.  

2.3.1.1 Flat plate collectors (FPC) 

The flat plate collector is shown in Figure 2.5. Its components include an absorber plate, 

header tubes, liquid tubes, copper risers and glazing as shown in Figure 2.6. The 

operating temperature range for FPC is 30-80°C [21]. The clear cover minimizes 

radiation heat losses as well as convection losses with the aid of the air layers between 

the absorber plate and the glass. The absorber surface absorbs heat from the Sun rays. 

The fluid tubes transport medium carries the heat that the absorber plate has gathered 

to be stored or used. 

 
Figure 2.6 Flat plate collector components [21] (with permission from copyright 

owner) 

The FPC are often stationary and do not track the Sun, so they should be pointed directly 

towards the equator, facing south in the northern hemisphere and north in the south. 

The tilt angle varies from 10-15° more or less depending on the application and location 

latitude [22]. 

 
Figure 2.7 Evacuated tube solar collector 
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2.3.1.2 Evacuated tube collectors (ETC) 

ETCs transfer heat with high efficiency by using liquid-vapor phase change material as 

a working fluid. An example of an installed ETC is shown in Figure 2.7. The operating 

temperature range of ETC is 50-200°C [21]. The main component of ETC is a heat pipe 

(a very effective thermal conductor commonly made of copper) that is enclosed inside 

a vacuum-sealed tube as shown in Figure 2.8. A sealed copper pipe is connected to a 

black copper fin that fills the tube (absorber plate). Each tube has a metal tip that 

protrudes from the top and is connected to the sealed pipe (condenser). A tiny amount 

of fluid, which is typically methanol, that goes through an evaporating-condensing 

cycle is contained in the heat pipe. This cycle begins with the liquid being evaporated 

by solar heat. The vapor then moves to the heat sink zone, where it condenses and 

releases latent heat. The procedure is then repeated with the condensed fluid returning 

to the solar collector [21]. As illustrated in Figure 2.8, these tubes are installed with the 

metal tip up into a heat exchanger (manifold). Heat from the tubes is transferred from 

the manifold to water, or glycol. After passing by another heat exchanger, the heated 

liquid transfers its heat to water kept in a solar storage tank or to a storage system by 

means of another heat exchanger [21]. 

 
Figure 2.8 Schematic diagram of an evacuated tube collector [21] (with 

permission from copyright owner) 

2.3.2 Concentrating collectors 

Concentrating solar collectors are collectors where the area intercepting solar radiation 

is greater, sometimes hundreds of times greater, than the absorber area. Solar energy is 

concentrated onto an absorber via a highly reflective collector. The collector typically 

moves throughout the day to follow the Sun so the radiation is always concentrated on 

the absorber. There are different types of concentrating collectors: Linear Fresnel 

reflectors (LFR), Heliostat field collectors, parabolic dish reflectors (PDR), and 

parabolic trough collector (PTC). The four technologies will be discussed in detail in 

the following sections. Their main advantages are [23]: 

1. With the same solar energy-collecting surface, the working fluid in a 

concentrator system can attain a substantially greater temperature than in a flat 

plate system. As a result, thermodynamic efficiency increases. Therefore, they 

are typically used in solar thermal power plants. 



CHAPTER TWO – LITERATURE REVIEW 

 

18 

 

2. Cost per unit area is lower than for a flat plate collector because its reflecting 

surfaces are simpler and requires less material. 

3. Surface treatment and vacuum insulation (to reduce heat loss and increase the 

efficiency of the collector) are commercially viable due to the receiver 

comparatively small area. 

Their shortcomings are: 

1. Concentrating systems need some kind of Sun tracking mechanism. 

2. Reflective surfaces require routine cleaning and maintenance. 

3. Concentrator systems do not capture diffuse solar light; they rely on the 

concentration ratio. 

2.3.2.1 Linear Fresnel reflectors (LFR) 

With a network of linear mirror strips, LFR technology directs light onto a fixed 

receiver positioned on a linear tower as shown in Figure 2.9. The LFR may be pictured 

as a fragmented reflector similar to a parabolic trough, without the shape restriction, 

enormous absorbers can be built, and the absorber is not required to move. Figure 2.10 

displays the arrangement of a component of LFR collector field. The primary benefit 

of this kind of system is that it uses less expensive flat or less curved reflectors rather 

than parabolic glass reflectors. They are mounted close to the ground, reducing the need 

for structural support. 

This kind of reflector can also resemble the disassembled reflector of a parabolic-trough 

system. Although the capital cost of the reflectors is reduced for Fresnel reflectors 

design, the efficiency is lower than for parabolic-trough reflectors [24],[25]. The annual 

solar-to-electric efficiency is typically between 8 and 10% for the LFR CSP plants, 

which have capacities ranging from 10 to 200 MW [26]. 

Giorgio Francia [27], a major solar revolutionary who created both linear and two-axis 

tracking Fresnel reflector systems in Genoa, Italy in the 1960s, was the first to put this 

theory into practice. The systems demonstrated that high temperatures could be 

obtained using both methods, but he switched to two-axis tracking, presumably due to 

the lack of secondary optics and improved selective coatings [28]. 

 

Figure 2.9 Linear Fresnel reflector (LFR) [29] (with permission from copyright 

owner) 
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A thorough project design study for 10 and 100 MWe LFR power plants was performed 

by the FMC Corporation in 1979 for the US Department of Energy (DOE). A 1.68 km 

linear cavity absorber supported by 61 m towers would have been employed in the 

larger facility. But due to a lack of financing from DOE, the project was never 

implemented [28]. 

 
Figure 2.10 An illuminated downward-facing receiver schematic from an LFR 

field [21] (with permission from copyright owner) 

The LFR technology has the drawback of requiring more space between reflectors to 

avoid blocking and shading between neighboring reflectors. The height of the absorber 

towers can be increased to prevent blocking, however, doing so raises costs. At Sydney 

University in Australia [21] a compact linear Fresnel reflector (CLFR) technology has 

been designed as shown in Figure 2.11. In essence, this is an alternate approach to 

prevent shading. Individual reflectors have the ability to direct reflected Sun radiation 

to at least two towers if they are situated close enough. The ability to put closely spaced 

reflectors without shading or blocking is made possible by the addition of this variable 

in the reflector orientation, which allows for significantly denser arrays [28]. 

 
Figure 2.11 Schematic diagram of the CLFR [21] (with permission from 

copyright owner) 

When the costs of ground preparation, array substructure, tower construction, steam 

line thermal losses, and steam line are taken into account, the avoidance of high 

reflector spacing, and tower heights is a significant financial concern. High array 

ground coverage might result in the maximum system output for a given ground area if 

the technology is to be deployed in a location with restricted land availability, like in 

metropolitan areas or close to existing power plants [28].  

The largest LFR CSP plant, with a collector width of 24 m and a reflector area of 2500 

m, was constructed as a prototype in 1999 by the Belgian company Solarmundo [30]. 
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The largest operational linear Fresnel-reflector CSP plant, Reliance Areva solar power 

plant, was set up in India in 2014. It has a 125 MW capacity and was expected to 

generate 280,000 MWh of power annually. This plant encountered a number of 

difficulties as the project was halted and eventually abandoned after the earliest stages 

of construction and certain test operations. The main causes of this were financial 

issues, insufficient policy support, and technical difficulties related to the technology 

at that scale. In addition, two linear Fresnel-reflector based CSP plants were constructed 

for demonstration: the 5 MW Kimberlina Solar Thermal Power Plant in the United 

States in 2008 and the 1 MW Rende-CSP Plant in Italy in 2010. In contrast, two LFR 

power plants were constructed in 2012 for commercial production: the 30 MW Puerto 

Errado 2 Thermosolar Power Plant in Spain and the 9 MW Liddell Power Station in 

Australia [31]. 

2.3.2.2 Heliostat field collectors 

Heliostat field collectors are a collection of mirrors, also known as heliostats, that 

follow and reflect Sunlight onto a central receiver that is usually fixed atop a tall tower 

as shown in Figure 2.12. Every heliostat is designed to track the Sun path throughout 

the day in order to focus the most solar energy possible onto the receiver. A heat transfer 

fluid (HTF), such as molten salt, steam or water, or synthetic oil is present in the 

receiver. The HTF heats up to extremely high temperatures as the receiver is exposed 

to concentrated Sunlight. A heat exchanger is used to transfer the heat from the molten 

salt or oil to water when it is utilized as the HTF. The water boils and produces high-

pressure steam as a result of this heat transfer. After that, the steam is directed into a 

steam turbine, which turns an electric generator to produce electricity. The entire 

process is a closed-loop cycle in which the steam is frequently condensed back into 

water for use in the steam generation cycle and the cooled HTF is recycled back to the 

receiver. Steam generator, turbine generator, and supporting hardware make up the 

power-conversion system, which turns thermal energy into electricity and feeds it into 

the utility grid. Heliostat field collectors are well-known for their high efficiency and 

capacity to integrate thermal energy storage for power generation even after sunset. 

They are frequently utilized in solar power tower systems. 

 

Figure 2.12 Heliostat field collector [32] (with permission from copyright owner) 
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Central receivers offer the following advantages [21]: 

1. They minimize the need for thermal energy transport by collecting solar energy 

and transmitting it to a single receiver. 

2. They are very effective in gathering energy and converting it to electricity, 

generally achieving concentration ratios from 300 to 1500. 

3. They benefit from economies of scale due to their typically large size. 

The heliostats each have a reflecting surface area of 50 to 150 m2. On the receiver, the 

solar flux hits at values from 200 to 1000 kW/m2. This high flux allows operating at 

high temperatures of more than 1500°C. Central receiver systems have the capacity to 

operate for more than half of the yearly hours at nominal power thanks to thermal 

energy storage and can be easily integrated in fossil-fueled plants for hybrid operation 

in a wide variety of options. 

Since they allow many options between the integration in a conventional Rankine cycle 

up to gas turbine cycles at temperatures above 1000°C, central receiver systems have a 

significant potential for mid-term cost reduction of electricity compared to parabolic 

trough technology [33], [34]. 

Large plants with capacities between 100 and 200 MW can use air, molten salt, 

water/steam, or liquid sodium as the working fluid in the heliostat field collectors [26], 

[30]. United States Department of Energy Projects in California during the 1980s and 

1990s proved that a solar power tower (SPT) could collect and store heat in order to 

produce utility-scale energy continuously, twenty-four hours a day. The first 

commercial power tower facility “Solar One” started operation in 1982 in California 

[31]. Rather than being a fully functional commercial facility, it was essentially 

regarded as a demonstration project. It was the first large-scale solar tower to 

demonstrate the viability of the technology, and it functioned from 1982 to 1986. Later, 

in the 1990s, the plant underwent an upgrade to “Solar Two” in order to include 

advances, namely the use of molten salt for thermal energy storage. However, the 

“Planta Solar 10” power facility in Seville, Spain, which began operations in 2007, was 

the first completely functional commercial solar tower facility and a major turning point 

in the CSP industry [35]. “Planta Solar 10” was the first plant of its kind to 

commercially supply electricity to a grid, with an 11.02 MW capacity. The facility has 

a total land area of 0.55 km2, and its estimated annual planned power generation is 

23,400 MWh. In 2009, more than 5000 households were powered by the modular two-

tower Sierra Sun Tower in the Mojave Desert. In California, USA, construction of the 

392 MW three-tower Ivanpah Solar Electric Generating System began in 2010. There 

are roughly 175,000 mirrors in this the plant. Thanks to this plant, more than 350,000 

residences were powered, and more than 1000 jobs opportunities were provided [36]. 

In a power-tower CSP facility, the heliostats represent the largest capital expenditure 

(CapEx) [37]. 

The global total operational gross installed capacity of SPT-CSP plants is currently 

618.42 MW [38], and it is growing quickly. “Nour III”, was operated in 2018, is the 

largest plant utilizing this technology in the world with capacity 150 MW [31]. Around 

the world, there are numerous of small pilot-scale facilities such as: “Plataforma Solar 

de Almería PSA”, that started operations in the 1980s, in Spain with 50 kW capacity 
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that is used for research and experimentation purposes rather than for the large-scale 

commercial production of electricity [39], and “SOLGATE” project, was operational 

in 2022-2004, in Spain with 50-100 kW capacity that focuses on the integration of gas 

turbines with solar power towers for the purpose of demonstrating novel solar tower 

technology on a small scale as part of the European research program [40]. Among CSP 

technologies, SPT is expanding the fastest. The majority of the power-tower-based 

facilities that are now under development will be located in China and have a capacity 

of approximately 995 MW in the near future [31]. 

2.3.2.3 Parabolic dish reflectors (PDR) 

A parabolic dish reflector is a point-focus collector that follows the Sun in two axes as 

schematically seen in Figure 2.13, concentrates solar energy onto a receiver that is 

situated at the focal point of the dish. The key components of a PDR system are: 

reflector/dish, receiver, tracking system and power conversion unit. In order to 

efficiently reflect the beam into the thermal receiver, the dish must track the Sun. The 

dish reflects solar energy where it is absorbed by the receiver and transferred as thermal 

energy to a circulating fluid (HTF). The thermal energy can then be either piped to a 

central power-conversion system or transformed into electricity using an engine-

generator directly connected to the receiver. Stirling engines and similar systems use 

the heat collected by the receiver to power an engine that converts thermal energy into 

mechanical energy and ultimately into electrical energy. In alternative systems, power 

cycles such as steam turbines or Rankine cycles can be powered by the heated HTF to 

generate electricity. 

 
Figure 2.13 Parabolic dish reflectors (PDR) [21], [41] (with permission from 

copyright owner)  

Among all solar technologies, PDR has one of the greatest solar to electric conversion 

efficiencies [42]. The system curved mirrors, thanks to the tracking system, are the 

reason for its efficiency; in contrast, other technologies, like the PTC and heliostat field 

collectors, suffer from cosine losses, which cause the projected area to decrease [21], 

[43], [44]. Cosine losses area are reductions in the system efficiency caused by the Sun 

beams angle in relation to the dish orientation. The reason for these losses is that the 

reflector alignment to gather sunlight perpendicular to its surface is not always precise. 
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When sunlight strikes the dish at a 90-degree angle, efficiency is maximized; however, 

when the angle varies from this ideal alignment (particularly at different times of the 

day or year), less Sunlight is effectively captured, which limits the amount of energy 

that can be focused onto the receiver. Depending on the angle of the incoming solar 

rays, the effective area of the dish that collects Sunlight varies. The part of the dish 

surface area that the Sun "sees" while it is at a specific angle is basically the projected 

area. . On an equivalent basis of the systems, PDR has higher solar-to-electric 

efficiencies than SPTs and PTCs, respectively [45]. One of the special benefits of the 

SPD over other CSP technologies is that it may be easily installed in small, isolated 

grids and does not require a perfectly flat ground [46]. 

Temperatures higher than 1500°C can be reached with parabolic dish systems. Power 

generation capacity of a single parabolic-dish CSP system can range from 0.01 to 0.5 

MW [47], [48]. It is common to refer to parabolic dishes as distributed-receiver systems 

since the receivers are dispersed across a collector field, similarly to parabolic troughs. 

Parabolic dishes have several noteworthy benefits: 

1. They have high efficiency as they are continually oriented towards the Sun. 

2. They often have concentration ratios between 100 and 1000, making them 

extremely effective for power conversion and thermal energy absorption. 

3. They have interchangeable collector and receiver components that can run on 

their own or as a component of a larger dish system. 

Solar Power And Chemical Energy Systems (SolarPACES) organization [31] states that 

two parabolic dish CSP facilities have been built to date (both are currently non-

operational); the Tooele Army Depot in Tooele, Utah, is home to the only active and 

commercial SPD facility in the United States that was operated in 2012. The 1.5 MW 

facility comprises of 429 solar dishes powered by Stirling engines. The plant uses 

helium as its working fluid and has a closed-loop cooling system. The plant main goal 

is to provide 30% of the US Army base in Tooele electrical needs. On the other hand, 

the 1.5 MW parabolic dish facility was operated in 2010, the Maricopa Solar Project 

(Maricopa), is located in Peoria, Arizona, in the United States, it consists of 60 solar 

dishes and uses Hydrogen as HTF.  

2.3.2.4 Parabolic trough collectors (PTC) 

Due to extensive system experience and industrial growth to manufacture and sell these 

systems, parabolic trough technology is the most sophisticated of solar thermal 

technologies. PTC represents the most mature concentrated solar power technology, 

with high thermal efficiency values and light structure and a relatively low cost 

generating temperatures up to 400 °C, generally high enough for most of industrial 

heating processes and applications. PTCs are constructed in modules; each one is 

usually installed atop support structures that are securely fastened to the ground in order 

to provide stability and ideal Sun alignment as shown in Figure 2.14. The support 

structure, which is often composed of steel or aluminum, offers the parabolic trough 

mirrors and receivers a sturdy and rigid framework. This structure is made to endure 

external factors like wind and thermal expansion in addition to supporting the weight 

of the trough. 
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Figure 2.14 Parabolic trough collectors 

A reflective sheet is bent into a parabolic form to create PTCs. Along the receiver focal 

line there is a dark colored metal tube covered by a glass tube, which prevents heat 

losses, is placed to form an external surface receiver as shown in Figure 2.15. The 

receiver surface is often covered with a selective coating that absorbs thermal radiation  

and has low emittance. The glass disadvantage is that radiation must travel across the 

glass to reach the absorber, adding a transmittance loss of only 10% when the glass is 

clean [49]. To increase transmissivity, the glass envelope typically incorporates an 

antireflective coating. Evacuating the space between the glass cover tube and the 

receiver can further limit convective heat loss and improve the collector performance, 

especially for high temperature applications [49]. 

 
Figure 2.15 Parabolic trough collector schematic diagram [50]  

The heat transfer fluid (HTF) which transfers the solar thermal energy to power cycles 

to generate electricity, is usually molten salts, water, or synthetic oils, where, despite 

being more expensive, oil is preferable due to its higher boiling point and low volatility. 

Heat pipes have been suggested by Dongdong et al.[51] as linear PTC receivers. The 

key benefit of the heat pipe is that it can keep a constant temperature even with uneven 
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radiation at the trough collector. As heat is not transferred from the HTF to the pipe, 

heat losses are low. PTC systems employing a heat pipe as a receiver have a lifetime of 

15-20 years when operating below 380°C and a thermal efficiency of 65% at that 

temperature [51]. 

 
Figure 2.16 Acceptance and rim angles 

A solar tracking system must be dependable and accurate, returning the collector to its 

original location at the end of the day or throughout the night, also during periods of 

intermittent cloud coverage. Furthermore, tracking mechanisms must safeguard 

collectors, protecting them from harmful environmental and operating conditions such 

as wind gusts, overheating, and failure of the thermal fluid flow system. The tracking 

mechanism required precision is determined by the collector acceptance angle as shown 

in Figure 16, maximum angular deviation from optimal alignment where solar radiation 

can be effectively concentrated onto the receiver tube without significant loss of 

efficiency. 

The collector can be oriented in either a north-south direction and follow the Sun from 

east to west, or in an east-west orientation and track the Sun from north to south. The 

first tracking mode has the benefit of requiring very little collector adaptation during 

the day and ensuring that the full aperture always faces the Sun at noon, but the collector 

productivity during the early and late hours of the day is significantly diminished due 

to large incidence angles (cosine loss). A horizontal north-south trough field often 

gathers a little bit more energy over the course of a year than a horizontal east-west one 

[21]. The north-south field gathers more energy in the summer and less in the winter. 

An east-west field produces a more consistent annual production because it gathers 

more energy in the winter than a north-south field. 

Among all revised technologies, parabolic troughs have the highest installation ratio, 

82%, with parabolic dish being present in less than 1% of installations, as shown in 

Figure 2.17. A comparison between different types of concentrating solar collectors is 

shown in Table 2.1. The following is a summary of the factors that led to widespread 

use of parabolic trough technology today over other competitive technologies [52]: 

a. Mature and proven technology 

Having been successfully utilized for decades in commercial applications, PTCs 

are the most advanced and commonly used CSP technology. They are 
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dependable for producing solar power on a big scale because of their lengthy 

history, especially in areas like Spain and the United States.  

b. Scalability 

PTCs can be used in medium- and large-scale installations. Adding more trough 

arrays to their modular design enables gradual expansion. 

c. Cost-Effectiveness 

PTC systems are less expensive than less developed technologies like solar 

power towers or parabolic dish systems because of economies of scale brought 

about by their widespread use. Components like tracking systems, receivers, 

and mirrors have comparatively low manufacturing costs. 

d. Efficient Solar Tracking 

PTCs use single-axis tracking systems, which are less complicated and costly 

than the dual-axis tracking needed by parabolic dishes or solar power towers. 

As a result, they are simpler to use and maintain and continue to gather energy 

effectively throughout the day. 

e. Hybridization Potential 

PTC systems can be easily combined with traditional power plants to make 

hybrid systems that use solar energy in addition to electricity derived from fossil 

fuels. This is typically observed in integrated solar combined cycle (ISCC) 

power plants. 

f. Lower operating temperatures 

PTCs are easier to maintain over time since they work at moderate temperatures 

(300-400°C), which lessens operational, and material issues such thermal stress. 

This sets them apart from solar power towers. 

g. Reliability and Simplicity 

PTC systems require less sophisticated tracking and receiver systems than solar 

power towers and parabolic dishes, which have more complicated designs. This 

simplicity results in lower maintenance costs and increases operating reliability. 

In contrast to solar power towers, which necessitate precise construction and 

alignment of a large heliostat field around a central tower, PTC systems are 

comparatively simpler to install. 

 
Figure 2.17 Different CSP technologies and their installed ratios [53] (with 

permission from copyright owner) 
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PTC systems provide a balanced mix of mature technology, cost-effectiveness, 

scalability, dependability, and simpler integration with thermal storage and 

conventional power plants when compared to other concentrating solar technologies. 

solar power towers and parabolic dish systems.  

Several structural ideas have been put forth, including collector shape (double V-trusses 

and steel framework structures with central torque tubes) and collector material (fiber 

glass) [54]. The design and construction of Euro Trough, which uses an advanced 

lightweight structure to enable cost-effective solar power generation, represents 

significant development [55], [56].  

Table 2.1 Concentrating solar collectors [24], [57], [58], [59] 

Collector 

type 
Description 

Operating 

temp. range 

(°C) 

Relative 

cost 

Concentration 

ratio (Sun) 
Tracking 

Efficiency 

(%) 

Parabolic 

trough 

collectors 

(PTC) 

-Parabolic sheet of 

reflective material 

-Linear receiver 

(metal pipe with 

heat transfer fluid) 

50-400 Low 15-45 One-Axis ~18 

Linear 

Fresnel 

reflectors 

(LFR) 

-Linear Fresnel 

mirror array 

-Low or high 

mounted pipe as 

receiver 

50-300 Very low 10-40 One-Axis ~12 

Heliostat 

field 

collectors 

(solar power 

tower) 

-Large heliostat field 

with tall tower in its 

center 

-Receiver: 

water/HTF boiler at 

top 

300-2000 High 150-1500 Two-Axis 25-28 

Parabolic 

dish 

reflectors 

(PDR) 

-Large reflective 

parabolic dish with 

engine receiver at 

focal point. 

150-1500 Very high 100-1000 Two-Axis ~30 

The collector aperture and the rim angle optimization were described by Kalogirou et. 

al. [23]. The rim angle is the angle, as measured from the focal point, between the outer 

edge of the parabolic mirror and the focal line, which is where the receiver tube is 

positioned as shown in Figure 16. PTCs underwent extensive research and commercial 

development in the 1980s, and several businesses joined the market to manufacture 

one-axis tracked solar collectors for the temperature range from 50 to 300°C. The solar 

collector made by the Industrial Solar Technology (IST) Corporation is one such 

instance. In the United States, IST built a number of process heat facilities with up to 

2700 m2 of collector aperture area [62]. For effectiveness and durability, the IST 
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parabolic trough has undergone extensive testing and evaluation by Sandia [63] and the 

German Aerospace Centre (DLR) [62]. 

In Cairo, Egypt, the first parabolic-trough system was built in 1912 [43]. There are 

currently 77 parabolic-trough power plants in operation worldwide [31], the majority 

of which are found in Spain and the US. There are two plants in Morocco, two in Italy, 

two in South Africa, one in Canada, three plants in India, one each in Algeria, Egypt, 

the United Arab Emirates, and Thailand. There are 47 parabolic trough power stations 

in Spain with total capacity of 2.3 GW, net turbine capacities ranging from 22.5 MW 

to 50 MW [60]. 2008 saw the installation of the first parabolic trough system, known 

as Andasol-1 (AS-1), which had a 49.9 MW capacity, close to Granada. The plant 

annual solar resource was calculated to be 2136 kWh/m2. A total of 158,000 MWh of 

electricity is expected to be generated annually. The two biggest parabolic trough plants 

in Spain are Helios I and Helios II, which together occupy 2,600,000 m2 of land. Up till 

2016, the operational parabolic trough plants in Spain had an installed capacity of 

1871.9 MW. The Southern California power plants, with a total installed capacity of 

354 MWe [61], are the largest deployment of this kind of system. The earliest of these 

facilities is a 14 MW electric (MWe) plant, followed by six 30 MWe facilities and the 

two most recent 80 MWe facilities [61]. This type of collector is also used in Plataforma 

Solar de Almeria (PSA), a facility in southern Spain, primarily for experimental reasons 

with a total installed capacity of 1.2 MW [62]. 

2.4 Concentrating Solar Power (CSP) hybrid technologies  

Researchers and developers across the globe are taking an interest in CSP because of 

its benefits (low operating costs, strong potential for scaling up, and great efficiency) 

[63], [64]. Concentrated solar energy is converted into electricity in CSP plants. A 

concentrator, a high temperature solar receiver, a fluid transport system, and a power 

generation block (such as a Rankine cycle, Brayton cycle, or combined cycle) are the 

four main parts of a conventional plant [65]. The International Energy Agency (IEA) 

projects that by 2050, CSP plants will produce 11% of the world electricity [66]. With 

their current production capacity, CSP technologies assist in cutting CO2 emissions by 

12 Mt/year [67]. On the other hand, CSP systems presents hurdles in terms of cost 

reduction and technological advancement, particularly in terms of reducing radiation 

loss. Costs have decreased by more than 55% since 2010 [68]. The total capacity of 

CSP-based power plants worldwide is now 6,475 MW, 1592 MW are in the 

development stage and 1547 MW are under construction, according to IRENA [69]. 

Spain and the USA are the largest producers of CSP, with Spain leading at 2304 MW 

of capacity, followed by the USA with 1740 MW [31]. 

Several important advantages of CSP systems could be concluded as following [70]: 

a) Sustainability: they do not generate emissions and are a renewable energy 

source. 

b) Integration: In order to reduce emissions from fuel combustion, CSP systems 

can be combined with fossil fuel-based power or energy production systems. 

c) Efficiency: In regions with strong direct solar radiation, CSP systems can offer 

higher efficiency compared to other CSP systems, but they are more restricted 

to specific geographic areas. 
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d) Scalability: The CSP system can be readily scaled to either pilot or industrial 

levels. 

Some CSP hybrid technologies, including photovoltaic, biomass, geothermal, wind and 

combined cycle power plants will be studied in the following section.  

2.4.1 Photovoltaic/concentrated solar power (PV-CSP) 

There are two main technologies utilized in the solar energy industry to generate power. 

These are Solar Photovoltaics (PV), which generates electricity using light energy, and 

Concentrated Solar Power (CSP), which generates electricity using solar thermal 

radiation. PV systems are significantly simpler than CSP systems because they employ 

solar cells instead of moving parts to directly convert Sunlight into electricity. Due to 

its many advantages over both PV-alone and CSP-alone technologies, the 

photovoltaic/concentrated solar power (PV-CSP) hybrid technology is regarded as one 

of the current areas of focus in the solar energy sector. As noted by Ju et. al [71], the 

power from PV has a significant influence on the connected grid because large-scale 

electric energy storage technologies are still unable to meet market demand. 

Furthermore, the majority of solar energy is converted to heat, which raises the 

temperature of the cells and reduces the efficiency and lifespan of PV systems. They 

also stated that the PV-CSP hybrid system has higher power quality when producing 

electricity than the PV-alone system. The cost of producing power can be lowered as 

compared to the CSP-alone system. There will also be a significant increase in total 

generating efficiency. With the increasing maturity of PV and CSP technologies in 

recent years, the development of PV-CSP hybrid systems has accelerated. The 

International Energy Agency (IEA) projects that by 2030, the global installed capacity 

of PV will reach 1721 GW, while for CSP will reach 261 GW [72]. 

Comparing CSP power facilities to PV plants, the former have greater initial investment 

costs. CSP plants do, however, yield higher economic returns than PV power plants 

[73]. According to the IRENA roadmap, worldwide solar PV power output is expected 

to increase from its current supply of approximately 3% to 13% by 2030 and 25% by 

2050 [74], [75]. As a result, improving solar energy conversion efficiency is a common 

problem, mostly because of technological limitations. The efficiency of existing CSP 

and PV technologies ranges from 12 to 30 percent on average [76], [77], [78]. The 

integration costs rise to such an extent that PV supply shares become much less 

competitive, allowing CSP systems to develop at a faster rate and finally overtake PV 

[79]. 

The characteristics of PV and CSP technologies complement one another. There are 

now several methods for the hybridization. For instance, a PV system can be used to 

supply station-service power (the power needed to run the plant, including the pumps, 

tracking, and control systems) for a CSP plant; it can be combined with a CSP system 

to provide stable power output for an entire day, and it can operate at a relatively high 

efficiency by utilizing spectral beam splitting (SBS) technology with a PV system [71]. 

Spectral Beam Splitting (SBS) is a technology that divides the solar spectrum and 

directs different portions of it to different energy conversion methods. It is used in 

hybrid PV-CSP systems to improve the efficiency of solar energy conversion. In this 

system, the lower-energy solar radiation, such as infrared radiation, is directed towards 

the CSP system for thermal energy collection, while the higher-energy solar radiation, 

such as ultraviolet and visible light, is directed towards PV cells to generate electricity. 

The hybrid PV-CSP technology has recently drawn more attention from around the 
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globe and been added to the development agenda. The main benefits of PV-CSP hybrid 

system are as follows [71]: 

a) Because of the hybrid system stability brought about by the power output 

characteristics of the CSP system, power quality will increase and the impact of 

PV systems on the grid will decrease. 

b) The goal of PV-CSP hybrid systems is to maximize solar energy utilization, 

including waste heat recovery from PV cells and solar radiation SBS. This can 

lead to a decrease in the LCOE and an increase in overall generating efficiency. 

There are several PV-CSP plants around the world, the biggest is the “NOOR” solar 

project that was established by the Dubai Electricity and Water Authority (DEWA), the 

largest electric utility in the UAE [31]. It is the largest CSP complex, which is located 

at the Mohamed Bin Rashed Al Maktoum solar park. The plant combines both central 

tower and parabolic trough CSP technologies. A total of 700 MW is anticipated in early 

2024 when the three 200 MW molten salts trough segments are anticipated to come 

online, after the 100 MW tower CSP segment that went online in 2023. The fourth 

phase of the solar park includes 150 MW of  PV with the 700 MW of the CSP. It is 

planned to reach a total capacity of 5 GW by 2030. 

The development of large-scale solar power facilities would benefit from the 

advancements of the PV-CSP mentioned earlier. One of the ten actions and milestones 

of the CSP technology development is the PV-CSP hybrid technology, according to the 

Solar Thermal Electricity Technology Roadmap of the IEA (2014) [80]. While this field 

of study is still in development, it has been anticipated that hybrid PV-CSP technology 

will undergo extensive research and that additional commercial PV-CSP hybrid power 

plants will soon be built in certain areas with enough solar radiation and meteorological 

conditions. 

2.4.2 Biomass-CSP hybrid systems 

Apart from PV systems, CSP coupled to biomass can also improve the performance of 

standalone plants. Biomass offers CSP plants the possibility of operating continuously 

with only renewable sources, with many biomass resources appropriate for 

hybridization in various places in the world. Considering more than one biomass source 

increases the number of possible places for CSP-biomass hybridization, but at the 

expense of a larger initial investment. Several feasibility and technology evaluation 

studies have been carried out, such as in India [81], Brazil [82], [83], Indonesia [83], 

Australia [84], [85], [86], and Europe [87], even though CSP-biomass hybridization is 

still in its early phases of development. Such hybridizations have a global warming 

potential (GWP) up to ten times lower than CSP plants without biomass [83]. 

Furthermore, in comparison to standalone CSP and biomass facilities, it can offer 

higher market penetration. 

Different hybrid configurations of CSP and biomass technologies provide unique 

financial and efficiency benefits. The study conducted by Peterseim et al. [88] covered 

several hybrid systems (Table 2.2). Gasification and solar towers get the highest energy 

efficiency of 33.2%, while fluidized bed and Fresnel technologies have the lowest 

specific investment (€/MW). There is a 33% variation in the specific investments 

between the 17 scenarios, with the efficiency increasing by 13% from scenario 1 to 16. 
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Table 2.2 Comparison of various CSP-Biomass hybridization schemes [88]  

CSP technology 

CSP 

working 

fluid 

Biomass 

technology 

Peak net 

efficiency 

(%) 

Specific 

investment 

(M€/MW) 

Parabolic trough Thermal oil Grate 29.3 4.11 

Parabolic trough Thermal oil Fluidized bed 29.5 4.05 

Parabolic trough DSG Fluidized bed 30.3 3.93 

Fresnel DSG Fluidized bed 30.4 2.95 

Parabolic trough DSG Fluidized bed 31.5 3.81 

Fresnel DSG Fluidized bed 31.5 2.83 

Solar tower DSG Fluidized bed 31.5 3.19 

Parabolic trough Molten salt Fluidized bed 32.2 3.81 

Fresnel DSG Fluidized bed 32.5 2.76 

Solar tower DSG Fluidized bed 32.5 3.13 

Solar tower Molten salt Fluidized bed 32.3 3.19 

Parabolic trough Molten salt Fluidized bed 32.7 3.81 

Solar tower DSG Fluidized bed 33.0 3.07 

Solar tower Molten salt Fluidized bed 32.8 3.19 

Parabolic trough Molten salt Gasification 32.8 3.81 

Solar tower DSG Gasification 33.2 3.07 

Solar tower Molten salt Gasification 32.9 3.19 

Exchange rate 1 AU$ = 0.61€ [89] 

For CSP-biomass hybridizations, choosing the right capacity is essential because the 

trends for cost scaling with plant size for standalone CSP and biomass plants are the 

opposite [83]. CSP plants should have a capacity of at least 50 MWe to the initial 

investment. In contrast, because of the higher logistical cost associated with 

transporting biomass, the capacity of biomass plants is limited to below 50 MWe. 

However, at the penalty of the decreased efficiency, a small plant is consistently 

supplied with biomass. For biomass facilities to benefit from economies of scale, a 

minimum capacity of 5 MWe is advised [84].  

When the plant capacity increases, the specific investment drops. CSP-biomass 

hybridization can result in significant cost savings of up to 50% [84]. In comparison to 

a standalone CSP system, multiple researchers have found investment reductions of 

43% and 69% [86], [88]. Hybridization lowers biomass consumption and land 

utilization by 14-29% as compared to a biomass-only plant [81]. However, the cost of 

CSP is so high that the decrease in land utilization may not offset the higher initial 

investment. Technological developments and local fabrication of CSP components can 

drastically lower the investment.  

Despite these difficulties, Spain has been home to the first commercial hybrid CSP-

biomass facility since 2012 (Termosolar Borges) [90], [91]. It is powered by two 22 
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MW thermal biomass units that run on forest waste biomass and energy crops and a 

parabolic trough CSP. Figure 2.18 shows the plant schematic diagram. 

 
Figure 2.18 Termosolar Borges power plant in Spain [90], [91] 

2.4.3 Geothermal-CSP hybrid systems 

Another renewable resource that has the potential to be hybridized with CSP is 

geothermal energy. Geothermal power plants produce electricity by harnessing the 

thermal energy found beneath the surface of the Earth. There are various ways to use 

geothermal resources, depending on their nature and temperature: 

a) Dry steam from geothermal wells can be put straight into a turbine to produce 

electricity. 

b) In flash systems, steam is produced in a flash chamber at high pressure from hot 

water, which powers a turbine. The most prevalent kind of geothermal power 

plants are flash systems. 

c) The third class of plants generate low-boiling-point organic fluid vapors by 

harnessing low-temperature geothermal resources. 

Part of those systems operate on organic Rankine cycles, known as binary geothermal 

plants. There have been several databases of globally planned and operating geothermal 

projects [92], [93]. 

Geothermal plants have high capacity factors and run at baseload because of their 

steady source of energy. However, the low resource temperature (~150-200°C) 

decreases power plant efficiency to around 12% [92], increasing specific installation 

cost. Over time, geothermal well depletion decreases the plant power output. Some of 

the difficulties that standalone geothermal and CSP plants currently encounter can be 

solved by hybridization with CSP (≥380°C). 

For hybridization of CSP with geothermal energy, two integration strategies are 

presented in Figure 2.19 [94]: 

a) Using solar energy to preheat the geothermal brine (left). 

b) Using solar energy to superheat the steam before it enters the turbine (right). 
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Figure 2.19 Integration schemes for CSP-geothermal hybridization [94] 

When it comes to adapting an existing geothermal power plant, the preheating 

configuration is the most straightforward as shown in Figure 2.19, left [94]. Since the 

CSP increases brine temperature almost to the design point, no major changes to plant 

operation or control are required. This also extends the useful life of the plant because 

well depletion will take longer. Nevertheless, the use of solar energy at a lower 

temperature means higher exergy destruction and a decrease of plant solar-to-electricity 

efficiency. On the other hand, in the superheating configuration (right), the working 

fluid receives high-temperature solar energy input before entering the turbine, leading 

to a higher solar-to-electricity efficiency. Additionally, plant overall energy and exergy 

efficiency are increased. Due to modifications to control and operating conditions of 

the power plant, the retrofit cost in this arrangement is much greater. 

The first hybrid solar-geothermal plant is the 33.1 MWe Stillwater triple hybrid binary 

power plant in Nevada, USA [95], from 2009. A 26.4 MWe PV unit was built later in 

2012 to increase production during warmer summer months. Additional 2 MWe were 

added to the system capacity by installing PT collectors, which preheat the incoming 

geothermal brine by introducing 17 MW of solar thermal energy. The plant serves as a 

case study example of the hybridization of different renewable energy sources. It is 

anticipated that the combined plant will generate about 200 GWh of energy per year. 

The initial cost of the facility was projected as $15 million for the parabolic trough 

system in 2013. 

The performance of hybrid plants is greatly dependent on the choice of the solar field 

size. In Australia and New Zealand, Zhou et al. [96], [97], [98] have reported on the 

impact of solar field size on the hybrid plant performance. The working fluid was 

superheated in these studies before entering the turbine by parabolic trough technology. 

The findings showed that, while the solar contribution to the system falls as the 

geothermal temperature rises, it increases with the solar collector area. Power output is 

also significantly influenced by the type of operation method used. The authors reported 

a net overall exergy efficiency of 12.4%. The hybrid plant yearly production exceeded 

the standalone geothermal plant by 73.6%. 

Peterseim et al. have published a brief study on the viability of CSP-geothermal hybrid 

plants in Australia [84]. According to the analysis, plant electricity output rose from 6.3 

MWe to 8.4 MWe for parabolic trough hybrid plants and 9.9 MWe for solar tower 

hybrid ones. Additionally, the plant thermal efficiency for a solar tower and parabolic 
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trough hybrid plants increased from 10.2% to 14.1% and 12.5%, respectively. At night, 

thermal storage devices or additional fuel were necessary for superheating.  

Lentz et al. [99], [100] examined three hybrid setups for the Mexican geothermal 

facility Cierro Prieto with parabolic troughs. The results showed that the hybrid system 

could increase power output by increasing the steam flowrate. The integration of 

parabolic trough collectors with a supercritical binary plant for four distinct locations 

has been also examined by Astolfi et al. [101]. At San Diego, Imperial, and Pisa, the 

highest yearly average solar-to-electricity efficiency, solar share, and capacity factor 

were 9.4%, 27.9%, and 71.1%, respectively. According to the economic results, 

hybridization could result in 50% lower costs than standalone solar power facilities. 

For a hybrid CSP-geothermal power plant, Zhou [102] examined the performance of 

the organic Rankine cycle at the subcritical and supercritical stages. The supercritical 

plant generated 4-17% more power than the subcritical plant while lowering the cost of 

solar energy by 4-19% and the solar capital by 6-24%. On the other hand, Boghossian 

[103] did not discover any synergy between a parabolic trough CSP system and a Kalina 

hybrid cycle running on a geothermal brine. According to the author, electricity output 

was 29% lower than in standalone plants. Enhancements to the system thermodynamic 

performance could include regeneration, reheating, switching working fluids, and using 

solar energy at other points in the cycle. 

2.4.4 Wind-CSP hybrid systems 

Right now, wind energy is the one of the most affordable renewable energy sources and 

is globally accessible, but the field of CSP hybridization with wind energy has not 

received much attention. This is primarily because, in contrast to other thermal energy 

sources like biomass and geothermal, wind and CSP do not have a broad synergy in 

terms of infrastructure sharing, as shown in the schematic in Figure 2.20. As a result, 

CSP-wind integration is known as a light hybrid [84]. But since wind speed is lower 

during the day and summer than it is at night and in the winter, solar energy can balance 

wind generation to produce power more evenly. 

Currently, there is no large scale commercial operational hybrid wind-CSP. 

Researchers in this field have shared their explanations, ideas and suggestions regarding 

its feasibility. According to a study by Kost et al. [105], a CSP-wind portfolio of energy 

generation is more financially feasible in North Africa than standalone CSP. Sioshansi 

et al. [106] have examined several arrangements for the implementation of wind and 

solar power facilities in Texas, USA. According to their analysis, hybrid plant 

deployments with up to 67% CSP may result in a profitable return on investments. The 

outcomes are, nevertheless, susceptible to CSP and power transmission costs. Due to 

the implementation of many wind farms and CSP plants in Australia, Peterseim et al. 

[84] have indicated the potential of CSP-wind hybrid plants. South Australia has several 

areas that show a great potential with wind speeds above 7 m/s and direct normal 

irradiance (DNI) exceeding 19.1 MJ/m2/day. The authors also propose that the thermal 

energy storage system of the CSP plant could be charged by the excess power generated 

by the wind farm during the night. However, for this integration to be financially 

sustainable, there must be a 260% difference in electricity price during day and night. 
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Figure 2.20 Schematic of a wind-CSP hybrid plant [104] 

To provide steady renewable power in the Andalusian region of Spain, Santos-

Alamillos et al. [107] have also examined the hybridization of CSP with wind farms. 

According to their study, the best locations for wind and CSP plants can generate 

reliable baseload power while overcoming the unpredictability of standalone CSP and 

wind plants. Their performance was also improved when thermal storage was added. 

Vick et al. [108] have examined the operation of a CSP-wind hybrid plant in the Texas 

Panhandle to evaluate whether CSP-wind hybrids could match the utility electricity 

load better than a standalone wind farm. At night, when electricity usage is at its lowest, 

standalone wind farms generate the most electricity, and vice versa. It was determined 

that the optimal combination for the utility energy load was a 33 MWe CSP plant with 

6 hours of thermal storage and a 67 MWe wind farm. But compared to the wind farm 

($64/MWh), the hybrid plant had a higher levelized cost of electricity (LCOE), $108-

129/MWh. 

In Southern Minnesota, an 800 MWe wind farm hybridized with a 705 MWe parabolic 

trough solar field was studied by Reichling et al. [109]. A power output curve closer to 

the load demand curve was achieved by hybridization. Additionally, CO2 emissions 

(10.8 g/kWh) were lower than for the electricity generated from a parabolic trough solar 

field (13.4 g/kWh) but slightly higher than those of standalone wind power (10.2 

g/kWh). The hybrid plant LCOE is higher than the solo wind plant (67.8 $/MWh) at 

123 $/MWh. If solar technology investment costs are reduced by 75%, the hybrid plant 

LCOE would be just 7% of the wind plant LCOE. 

On the Greek island of Skyros, hybridization of CSP with wind for energy autonomy 

has been examined by Petrakopoulou et al. [110] with 3.3 Mwe wind turbines and a10 

MWe solar facility. Total capacity was increased to 16.6 MWe using two wind turbines, 

and the plant mean annual efficiency is 19.2%, in the range of typical CSP and wind 

power plant efficiencies. Electricity cost was 400 €/MWh. According to reports, the 

hybrid plant has a better exergy efficiency and a lower land use, making it a viable 

choice for energy autonomy in isolated areas like islands. 
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2.4.5 Combined cycle power plant-CSP hybrid systems 

When compared to Brayton and Rankine cycle power plants, combined cycles offer 

higher efficiency values, which makes integrating solar energy into them appealing 

(although their sustainability is the main reason for solar integration). The integration 

between a combined cycle (CC) power plant and a CSP is usually called an integrated 

solar combined cycle (ISCC). Solar integration can be performed into the top or the 

bottom cycle, or into both cycles. In solar thermal power plants, steam is usually 

generated by solar collectors to power thermodynamic cycles. One approach is to 

generate steam directly into the absorber tube – direct team generation (DSG). The 

second approach is to transfer solar thermal energy from the collectors to heat transfer 

fluid (HTF) and use a heat exchanger to generate steam. ISCC technology is the focus 

of this work, so the next section is fully dedicated to its description. 

2.5 Integrated solar combined cycle (ISCC) 

There is wide agreement on the synergies between fossil and solar technologies in the 

literature [111], [112], as higher ambient temperatures during days of high solar 

irradiation led to the decrease in the production of conventional combined cycle power 

plants. ISCC operation results in high solar-to-electric efficiency rates, offering a higher 

thermal performance than original combined cycle power plants. Hence, ISCCs are 

considered an alternative to fossil fuel power plants. Recent growth in natural gas 

consumption for electricity generation has established a considerable base for 

integrating concentrated solar energy as a complement. Solar energy is a plentiful 

resource in many nations; therefore, including this resource will help preserve some 

non-renewable energy resources. All current gas-powered plants might be upgraded 

with a solar field for a relatively small cost, increasing their base power. Traditional 

concentrated solar thermal plants require more thermal energy storage capability than 

ISCC thermal power plants. In addition, ISCCs produce power on demand for less 

money than standalone concentrated thermal power and a lot less than photovoltaic 

plants, as gas can be used when solar energy cannot meet the demand.  

Around the world, mainly in countries with high solar irradiation, several ISCC plants 

are either under construction or in service. Table 2.3 shows some examples, entirely 

coupled to PTC solar fields. It is expected that the number of ISCCs around the world 

will grow in the upcoming years, as they are catching more attention due to their 

promising future for clean electricity generation. 

Table 2.3 ISCC power plants worldwide [113], [114], [115] 

Power plant Country Technology 
Total Installed 

capacity (MW) 

Solar installed 

capacity (MW) 
Status 

Agua Prieta II Mexico PT 465 12 Operating since 2017 

Ain Beni Mathar Morocco PT 472 20 Operating since 2011 

Archmide Italy PT 750 4.7 Operating since 2010 

City of Medicine Hat Canada PT - 1.1 Operating since 2014 

Duba 1 Saudi Arabia PT 550 43 Operating since 2023 

Hassi R’Mel Algeria PT 150 25 Operating since 2011 

Kuraymat Egypt PT 120 20 Operating since 2011 

Martin Next Generation 

Solar Energy Center 
USA PT 3780 75 Operating since 2010 

Waad Al-Shamal Saudi Arabia PT 1390 50 Operating since 2018 



CHAPTER TWO – LITERATURE REVIEW 

 

37 

 

Victorville 2 USA PT 563 50 Under construction 

Yazd Iran PT 461 17 Operating since 2010 

In the following subsection, the two hybridization techniques used to transfer solar 

thermal energy to the CC power plant will be studied. Then, different hybridization 

configurations based on the solar field integration position will be investigated. 

2.5.1 Hybridization techniques 

Collectors in solar thermal power plants are typically used to generate steam to power 

a thermodynamic cycle. The two techniques are direct steam generation (DSG) into the 

absorber tube, and solar thermal energy transfer from the collectors to a heat transfer 

fluid (HTF) and to steam through a heat exchanger, as shown in Figure 2.21.  

 
Figure 2.21 PTC solar power plant: oil as HTF (left) and DSG (right) [116] 

2.5.1.1 Direct steam generation (DSG) 

In DSG, water is heated directly in the solar receiver, generating steam that powers a 

turbine and generates electricity. With this approach, the system becomes simpler as it 

does not require an intermediary heat transfer fluid. DSG is frequently utilized in solar 

towers or parabolic trough CSP technologies. To achieve steam preheating, 

evaporation, and steam superheating, the solar field is coupled to the steam circuits. All 

feedwater is delivered to the collector inlet during the first (once-through) phase, and 

as it passes through the collector rows, it is heated up to superheated vapor. In the third 

step, referred to as the recirculation phase, a water-steam separator is positioned at the 

end of the collector row evaporating portion.  

In order to compare the performance of a 220 MW DSG-ISCC to a traditional CC power 

plant, the system performance was examined in two different climates by Montes et al. 

[117], Las Vegas (US), which has a hot and dry climate, and Almería (Spain), which 

has a sub-desertic Mediterranean climate. The proposed plant is shown in Figure 2.22. 

Although the CC power plant performs worse in Las Vegas because of the higher 

temperatures, the simulation using the program TRANSYS showed that the DSG-ISCC 

performs better in Las Vegas than in Almeria due to solar hybridization, where global 

efficiencies were 52.18% and 51.90% for Las Vegas and Almería respectively. 

Furthermore, an economic study showed that the ISCC power plant levelized cost of 

electricity (LCOE) is lower in Las Vegas (80.52 vs. 81.29 €/MWh for the original CC), 

but it is higher in Almeria (80.55 vs. 80.35 €/MWh for the original CC). 
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Figure 2.22 DSG-ISCCS with double pressure level proposed by Montes et al. [117] 

Integrating DSG technology into the Brayton cycle is also possible, as studied by Craig 

et al. [118], who integrated a parabolic trough solar field into the top Brayton cycle of 

a CC. They have demonstrated the viability of the suggested concept, claiming great 

dependability and little financial risk. It has been noted that adding a 100 MW solar 

thermal energy source to a 40 MW gas turbine improved the performance and resulted 

in a solar fraction between 57 and 59%.  

A novel idea was introduced by Livshits and Kribus [119], using solar radiation 

collected by a medium temperature parabolic trough solar field to improve the 

thermodynamic efficiency of a steam-injection gas turbine. The installation of a 

condenser to recover and recycle the injected water was part of the suggested concept, 

as illustrated in Figure 2.23. They were able to achieve a nominal performance similar 

to the value of four commercial gas turbines, using the Honeywell Unisim software. 

According to the results, it is possible to achieve a total conversion efficiency of 40-

55% and a solar fraction up to 50%. Another benefit of the suggested approach is that 

it has an incremental efficiency of 22-37% and solar-to-electricity efficiency of roughly 

15-24%, exceeding that of contemporary solar power plants. 

For the purpose of studying the performance of DSG-ISCCs under the climate 

conditions of Libya, Elsaket [120] generated a mathematical code. The main goal of 

the study was to transform the existing 4 x 51 MW ISCC shown in Figure 2.24 into an 

ISCC with DSG. According to the results, the solar field has an efficiency around 78% 

in the Libyan environment. Plant capacity was increased to 286.12 MW, resulting in 

yearly fossil fuel savings around 151,260 tons and a reduction of 468,910 tons of CO2.  

In Yulin, China, Li and Yang [121] examined a two-stage solar input DSG-ISCC 

consisting of a single gas turbine, a dual pressure-single reheat HRSG, and a steam 

turbine, as shown in Figure 2.25. Hourly, monthly, and annual performance values were 

optimized and evaluated using ASPEN PLUS process simulation software. The 

optimization showed that the ideal design pressure and temperature for the reheat and 

low pressure steam, respectively, are 16 bar and 560 °C, and 5 bar and 320 °C, at the 
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design point. The proposed approach offered an increase of roughly 1.2% and 2.5%, 

respectively, in net solar-to-electricity efficiency (up to 30%) and overall energy 

efficiency (up to 61%) as compared to one-stage solar input DSG-ISCCS.   

 
Figure 2.23 Solar steam injected Brayton cycle concept [119] 

 
Figure 2.24 DSG proposed plant in Libya [120] 
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Figure 2.25 Advanced DSG-ISCC with two stage solar input for improving 

overall performance [121] 

2.5.1.2 Heat transfer fluid (HTF) 

Commercial use of HTF technology began in 1984 [122]. According to this idea, the 

solar field reflective region collects the DNI and transfers it to the absorber tubes, 

raising the temperature of a HTF circulated throughout the solar field. Through the so-

called Solar Steam Generator (SSG), the HTF transmits solar thermal energy to the 

power cycle, generating steam. HTFs can be synthetic oils, molten salts, or non-freezing 

hydrocarbons. The benefits of using HTF outweigh the drawbacks of DSG, particularly 

the high vapor pressure and possibility of freezing if the plant is operated in cold 

regions. However, HTFs like oil can cause fires when they leak. Also, they become 

exceedingly viscous at low temperatures, requiring extra pumping power. Nowadays, 

lots of existing HTF-ISCCs are operating in the world. Figure 2.26 shows a well-known 

configuration of this technology, the 140 MW Kuraymat HTF-ISCC in Egypt, 

operating since 2011 [123]. Investigations have revealed that the solar area can, on 

average, offer almost extra 8% energy than projected. A model of this plant was created 

by Abdel Dayem et al. [124], who discovered that increasing DNI might result in a 10% 

increase in turbine power and a 25% increase in solar share. 

In Iran [125], six thermal power plants were compared in terms of technical and 

economic aspects, considering several configurations and capacities, including ISCCs 

with a 67 MW solar field, ISCCs with a 67 MW solar field and fuel backup, ISCCs with 

a 33 MW solar field, ISCCs with a 33 MW solar field and fuel backup, SEGS (Solar 

Electric Generating System), and a simple gas turbine (GT). It was determined that 

ISCCs with a 67 MWe solar field (the highest capacity) was the best configuration.  

During 30 years of operation, a power plant like this could save 59 M$ in fuel 
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consumption and prevent 2.4 million tons of CO2 emissions. Its LCOE is 10% and 33% 

cheaper than those of a CC and a GT, respectively. Another ISCC configuration 

suggested by Hosseini [125] et al. is shown in Figure 2.27. The annual performance of 

Hassi R'Mel HTF-ISCC was modelled using TRNSYS software by Derbal-Mokrane et 

al. [126]. According to the findings, the power plant can produce 150 MW with 52% 

efficiency.  The solar share was about 30 MW of the total output power of the plant. 

 

Figure 2.26 Kuraymat HTF-ISCC in Egypt [123] 

 
Figure 2.27 HTF-ISSC suggested by Hosseini et al. [125]  



CHAPTER TWO – LITERATURE REVIEW 

 

42 

 

In Libya, Elhaj et al. [127] developed a mathematical model in Visual Basic 6.0 to 

predict the effects of converting an existing gas turbine in Misurata city into a HTF-

ISCC. The Desalsolar 1.0 software database was used to collect meteorological data, 

and Computer-Aided Thermodynamics software (CATT2) was used to determine the 

parameters of the steam. They examined how the integrated solar combined cycle 

system performed depending on solar concentration ratio and the efficacy of the SSG.  

According to the reports, both electricity production and thermal efficiency increased. 

Using FORTRAN, Behar et al. [128], [129] generated a mathematical program to 

analyze the performance of the Hassi R'Mel ISCC. They proposed a HTF-ISCC with a 

basic pressure level consisting of two 47 MW gas turbines, an 80 MW oversized steam 

turbine, and a solar field with a reflective area of 183,120 m2. At the design point, it 

was discovered that the HTF-ISCC electricity production and efficiency were higher 

than those of the combined cycle power plant (134 MW, 57.5%), 157 MW and 67%. 

Kane and Favrat [130] investigated the effect of the pressure level and flow interaction 

between the HRSG and SSG on the energy efficiency of the HTF-ISCC to improve the 

network of heat exchangers. They considered three different pressure levels: a single 

pressure level for both HRSG and SSG, a double pressure level for HRSG and a single 

pressure level for SSG, and a double pressure level for both heat exchangers. Different 

arrangements of steam between the HRSG and the SSG were studied for each situation. 

The results showed that the ISCC with double pressure can improve thermal efficiency, 

becoming the ideal configuration for the power plant. 

Allani et al. [131] investigated the technical and financial viability of implementing 

HTF-ISCCs in Tunisia under the context of the PAESI project (Project d'Aménagement 

Energétique Solaire Intégré). The suggested design aims to generate 58 MW at night 

when operating in combined cycle mode and to deliver roughly 88 MW of electricity 

during sunny periods. Two gas turbines and a steam turbine form the combined cycle. 

The solar field proposed is composed of PTCs and a SSG connected to the HRSG and 

a buffer tank. The authors investigated two operating strategies to study thermal 

efficiency, greenhouse gas emissions, and financial aspects. They discovered that 

maximizing power generation has a greater potential to reduce CO2 emissions than 

maximizing cycle efficiency, and the smaller the solar field, the more economically 

viable the plant is. Additionally, they claim that the ISCC has greater merit than SEGS. 

2.5.2 Hybridization configurations 

CSP plants are normally integrated within a power plant to produce additional steam 

for use in the NGCC steam turbine [132], [133] if it is integrated in the steam cycle, or 

to preheat the compressed air in the gas turbine before entering the combustion chamber 

[134], when integrated when the top Brayton cycle. Figure 2.28 presents different 

options for solar field integration positions, where different positions of solar energy 

integration can lead to different impacts on the ISCC system performance. The next 

section illustrates different types of hybridization configurations. 
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Figure 2.28 Different solar energy integration positions [135] 

2.5.2.1 Gas cycle hybridization configurations 

In comparison to Rankine-based cycles, the integration of solar energy into Brayton 

cycles is less developed and more recent. While using medium temperature heat 

sources, such as PTC solar technology and synthetic oil, the Brayton cycle has a less 

effective performance. The maximum temperature should increase from 400 °C to 1000 

°C to achieve competitive performances. Since the concentrated solar receiver is 

typically integrated before the combustion chamber, high concentration systems are 

typically suggested [136], [137]. Fossil-solar hybrid plants have been also suggested, 

requiring systems with lower solar concentration ratios since the solar contribution 

might be used to preheat combustion air. Optimizing energy recovery and reducing 

energy losses is key to increasing regenerative contribution, which will increase system 

sustainability and efficiency. 

In these configurations, the steam cycle is not modified [138]. One of the main 

advantages of gas cycle hybridization over steam cycle hybridization is the higher 

thermomechanical conversion efficiency. Solar thermal energy is proposed to be 

injected into the Brayton cycle at its maximum temperature, so conversion efficiency 

of the gas cycle hybridization will be greater than when it is injected in the steam 

Rankine cycle [139]. Without using HTFs, Amelio et al. [139] suggested heating the 

combustion air by directing it through PTCs, as shown in Figure 2.29. As a result, the 

compressed air is sent to the solar field to be preheated to 580°C before entering the 

combustion chamber. The results showed that the ISCC average annual global 

efficiency was 60.9%, while it was only 51.4% for the reference CC plant without solar 

integration. Natural gas consumption was 152,236 tons for the ISCC instead of the 

original 180,397 tons for the CC plant. The authors predicted a 22% reduction in fossil 

fuel consumption at design conditions and a 15.5% reduction when considering annual 

performance. Therefore, the extra cost of solar field components could be recovered in 

less than 5 years. 
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Figure 2.29 Gas turbine integration configuration [139] 

In the work of Duan et al. [140], a setup for preheating the combustion air was 

presented, where preheated water was added to the HRSG with air leaving the 

compressor as shown in Figure 2.30. Even though the air is first chilled, a higher 

temperature is ultimately reached thanks to the solar contribution.  

 
Figure 2.30 ISCC system diagram with novel integration configuration proposed 

by Duan et al. [140] 

Although PTC is the most spread technology for the ISCC in the worldwide, Solar 

Tower technology (ST) has been also studied and presented in several integrations 

(within Brayton and Rankine cycles) within the ISCC [141]. First, it can be used to heat 

the compressed air, as shown in Figure 2.31, before it enters the combustion chamber. 

Second, the thermal power can be combined with the heat from the GT exhaust gas to 

generate steam for the steam turbine. Thirdly, it can be used to generate steam for the 

steam turbine while recovering heat from the GT exhaust to heat the compressed air. 

Fourth, the Brayton cycle could be used as a backup system at night (in CCGT mode) 

and the ST-Rankine could generate baseload during the day at the same utility power 

station.  
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Investigations were performed on the thermodynamic and financial behavior of ST-

ISCCs. The ST technology has received a lot of research interest, and there are some 

commercial ST power plants operating in various regions of the world. From a 

thermodynamic and financial standpoint, the combination of this technology with the 

ISCC has a lot of potential. However, compared to the PTC, the ST technology is less 

mature. There are some obstacles which can be divided into three categories: A-

technology maturity, B-financial and policy considerations, and C-technical 

considerations. The following are some of the topics that require research: 

a) The effect of tower height on the ST-ISCC levelized cost of electricity (LCOE). 

b) The impact of the ST-ISCC plant on local air quality. 

c) Techno-economic analysis of the operational ST-ISCC. 

 
Figure 2.31 Schematic representation of a solar tower ISCCS power plant [141] 

Rovira et al. [138] compared the annual performance of a reference CC with the 

performance of two ISCC layouts that differ in the options for integrating solar heat: a 

conventional ISCC scheme in which solar heat is used to directly evaporate water at the 

high pressure level of the steam cycle and a second scheme in which the solar heat is 

used to preheat combustion air. Three different solar concentration technologies (LFR, 

PTC, and ST) were examined. The results showed that, because of the pressure drop in 

the heat exchanger, the ISCC with combustion air preheating suffered a reduction in 

annual energy output compared to the reference CC, but DSG, on the other hand, 

boosted generation. However, the former option had a significantly better solar-to-

electricity efficiency, with PTC and ST achieving rates above 40%. Therefore, Rovira 

et al. proved in this work that, in comparison to steam cycle integration, solar 

integration in the GT has higher overall and solar-to-electricity efficiency. Currently, 

there are no ISCC facilities in operation that incorporate solar energy into the top cycle 
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due to insufficient advances in the technology of solar receivers that can withstand high 

temperatures and pressures. 

2.5.2.2 Steam cycle hybridization configurations 

Solar field integration into the bottom Rankine cycle in a CC power plant is a common 

ISCC configuration. Compared to top cycle integration, this option is technologically 

more advanced and delivers greater reliability with less financial risks [118]. This 

arrangement, the most popular solar combined cycle configuration, was first presented 

by the company Luz Solar International and drew on the prior knowledge from 

commercial operation of SEGS plants between 1984-1990 [142].  

Figure 2.32 shows different steam cycle hybridization configurations based on HTF 

technology that include a SSG, in which the HTF generates steam [142]. In contrast, 

configurations based on DSG technology do not require any steam generator, because 

steam is generated directly in the troughs of the solar field [142]. Solar integration 

depends on the SSG function: preheating, evaporating or superheating, as shown in 

Figure 2.32 [142]. Most ISCC plants that have been constructed, or that are currently 

being planned, have solar field designs that supply thermal energy in parallel to HRSGs. 

Following Aghdam et al. [143], integrating the solar field before the bottom steam cycle 

superheater increased plant capacity from 714 to 728 MW and efficiency by 2%. 

 
Figure 2.32 Steam Cycle hybridization configurations [142] 

An ISCC plant with two gas turbines and a steam cycle was presented in earlier 

research, where heat exchangers that evaporated the preheated water before it returns 

to the steam drum allowed solar energy to be incorporated in parallel to the boiler, as 
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shown in Figure 2.33 [131]. The system benefits and the specifications for the boilers, 

heat exchangers for the solar generator and the HRSG were studied, and one of the 

earliest economic analyses was provided. Also, the need for financial incentives was 

highlighted, due to economic unfeasibility given the cost scenario [130], [144].  

The implementation of facilities in developing nations at the turn of the century, such 

as Algeria, Egypt, or Morocco, funded by the Global Environment Facility Agency, 

encouraged research on ISCCs. The economic viability and production costs of various 

layouts were the main matters of these investigations. Today, several ISCC plants have 

been implemented, some of them thanks to this funding. There are also plants in Yazd 

(Iran), the Martin Next Generation Solar Energy Centre (USA), the Archimede (Italy), 

Hassi R'mel (Algeria), Kuraymat (Egypt), Ain Beni Mathar (Morocco), and Agua Prieta 

II (Mexico). Most built or planned plants have solar field arrangements that provide 

heat in parallel to the HRSG. Except for Archimede, where the HTF is molten salts, 

solar energy is transferred to steam with a second steam generator fed by synthetic oil 

from the solar field [145]. As a result, solar energy helps to evaporate water, as in the 

Hassi R'Mel and Yazd plants [128]. In other plants, such as Archimede and Beni 

Mathar, solar heat also contributes to some degree of preheating and superheating. 

 
Figure 2.33 Proposed ISCC with two gas turbines [131] 

Other studies have also considered other solar concentration devices. For instance, 

Manente et al. [146] compared ISCC plants using PTC, LFR, and CR and concluded 
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that a solar concentration as high as in CR was not required to reach a 30% solar-to-

electric efficiency. Due to the challenge of controlling the two-phase fluid in the solar 

field, the use of a HTF is more practical than that of a DSG, but the latter has also been 

investigated, given the advantage of not having a separate steam generator. Using DSG 

in parallel to the high pressure evaporator of the HRSG, Rovira et al. [138] compared 

the annual performance of ISCC cycles with three solar concentration technologies: 

PTC, LFR, and CR. The results showed a higher performance for PTC for both 

locations studied, with solar-to-electric efficiency reaching 37%. In line with the 

previous results, Behar [147] suggested that the most effective way to integrate solar 

power at the bottom steam cycle is to use PTCs with synthetic oil as HTF. 

The choice of the most appropriate integration position in the cycle for solar energy is 

a crucial issue when the plant incorporates a HRSG with 2 or 3 pressure levels. This 

analysis has been the subject of numerous publications. For instance, Calise et al. [148] 

conducted a dynamic study of an ISCC with solar integration in the HRSG low pressure 

level. The behavior of the ISCC layout with integration into the intermediate pressure 

level was studied by Brodrick et al. [149]. The case of integration at the three pressure 

levels was examined by Bonforte et al. [150], along with a control system to divide the 

solar heat supply among the three evaporators. They concluded that the tiny additional 

fuel savings outweigh the increase in installation costs. In a dual pressure HRSG, 

Rovira et al. [142] analyzed four potential integration schemes as shown in Figure 2.32, 

considering evaporation with HTF and DSG, as well as preheating and superheating. 

In comparison to preheating the water, they figured that when solar heat was applied 

for evaporation at the high pressure level, the HRSG irreversibility was reduced. They 

also mentioned that the lowest solar field efficiency was obtained when integration is 

at the superheating level at the bottom steam cycle due to the lower convective heat 

transfer coefficient, which makes the temperature difference between tube and steam 

increase. In order to determine whether heat exchangers at all pressure levels benefited 

from solar integration, Mabrouk et al. [151] designed a solar boiler coupled to a HRSG. 

They deduced that the optimal option was the high pressure evaporator, and that 

integration at high temperature exchangers was preferable. Elmohlawy [152] 

discovered that injecting steam at the high pressure level increased thermal efficiency 

by 1.2%. Ameri and Mohammadzadeh [153] found that when the solar field was 

integrated before the bottom steam cycle superheater, the total power output of a 300 

MW plant increased by 6 MW and carbon emissions decreased by 10 g/kWh. 

ISCC performance is influenced by the type of solar collector. However, several 

variables, including regional climate, plant operating circumstances, etc., affect the 

choice of collector. Franchini et al. study [154] compared the effectiveness of parabolic 

troughs and solar tower central receiver systems in Seville, Spain. They conducted an 

hourly transient analysis, finding that, during summer, parabolic troughs outperformed 

solar tower, reaching up to 60% thermal efficiency. On the other hand, compared to 

parabolic troughs, solar towers offer more energy at a higher efficiency, according to 

the annual performance report. The parabolic trough HTF-ISCC and air tower ISCC 

were compared by Horn et al. [155] who concluded that the LCOE was greater than 

that of the reference combined cycle plant (24 $/MWh) for both the parabolic trough 

and solar tower systems, 31 $/MWh. Dersch et al. [156] performed a comparison of 
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ISCC, SEGS, and CCGT. According to the study, an ISCC had the maximum efficiency 

at 68.6% compared to a SEGS 34.7%. SEGS, however, provided reduced greenhouse 

gas (GHG) emissions. 

In the literature, several unique ISCC methods with solar integration into the bottom 

cycle have also been investigated. An advanced zero emission power cycle with carbon 

capture and storage, with a competitive solar-to-electricity efficiency, was proposed by 

Gunasekaran et al. [157]. They found an inverse relationship between solar share and 

solar-to-electricity efficiency. The performance of a 390 MWe CCGT plant was 

predicted by Manente [158] with a model used to study hybridization with solar energy. 

According to the analysis, the original plant equipment and capacity had to be 

significantly altered to add 50 MWe of solar electricity. The optimization of the HRSG 

and SSG to raise an ISCC plant exergy efficiency has been researched by Kane et al. 

[144]. The findings indicate that electricity cost with a 15-20% solar share is 20-30% 

more than that of combined cycle plants with comparable capacity. However, if the 

price of solar collectors drops and carbon credits are introduced, costs might decrease. 

Dersch et al. [156], Price et al. [159] and Kelly et al. [160], stated that the extracted 

inlet water flow in the SSG should be about 10% of the total water flow injected into 

the steam cycle of the CC plant [161]. 

To compare both hybridization types, Oda et al. [162] analyzed the performance of 

three different solar integration positions in a CC power plant, as shown in Figure 2.34. 

In the first case (I), solar thermal energy was integrated for preheating compressed air 

and providing supplemental heat to the bottom Rankine cycle. In the second case (II), 

solar heat was added to the bottom cycle without preheating the compressed air. In the 

third case (III), it was used for preheating compressed air at the top Brayton cycle. The 

results showed that solar integration at the bottom cycle increased overall efficiency, as 

collected in Table 2.4. However, solar integration at the top cycle made the solar 

component more efficient [163]. The explanation of the highest efficiency of case II 

may be attributed to the fact that the reduction of heat losses balances the increase in 

combustion losses. 

 
Figure 2.34 Possible configurations for solar integration into a combined cycle [163] 
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Similar findings have been reported by Barigozzi et al. [164], who examined the 

performance of solar integration into the top and bottom cycles. The analysis indicated 

that solar integration into the top cycle leads to higher solar-to-electricity efficiency. 

Integration into the bottom cycle, however, increases power production.  

Table 2.4 Solar integration in top and bottom cycle of a combined cycle power 

plant [162], [163] 

Plant Solar integration position ηi (%) ηii (%) 

Case I Top & bottom 26.2 27.1 

Case II Bottom 29.8 30.9 

Case III Top 27.5 28.3 

2.5.2.3 Decision making criteria for the hybridization point selection 

Specifications of the power plant must be determined after considering several aspects. 

For standalone CSP to be commercially viable, the DNI must be at least 1,800 

kWh/m2/year [165]. However, 1,700 kWh/m2/year can appropriate for ST ISCC in 

areas with abundant natural gas supply [141]. The solar integration position is a critical 

parameter that must be intensively studied when designing the plant. Overall efficiency 

is the most important factor that designers focus on, where using solar energy for 

evaporation of high pressure steam can lead to higher solar conversion efficiency values 

than just preheating [111]. Power plant performance can be improved by HRSG 

optimization, but it is not so crucial for determining the best configuration [142]. Solar 

conversion efficiency can be introduced as: 

𝜂𝑠𝑜𝑙𝑎𝑟 =
𝑊̇𝑠𝑜𝑙𝑎𝑟 

𝑄̇𝑠𝑜𝑙𝑎𝑟

=
𝑊̇𝑓𝑜𝑠𝑠𝑖𝑙+𝑠𝑜𝑙𝑎𝑟 −  𝑊̇𝑓𝑜𝑠𝑠𝑖𝑙

𝑄̇𝑠𝑜𝑙𝑎𝑟

 (2.9) 

Here, 𝑊̇𝑠𝑜𝑙𝑎𝑟 is the electricity power output generated from the solar heat, 𝑊̇𝑓𝑜𝑠𝑠𝑖𝑙 is the 

plant electricity power output when the ISCC plant is not using solar power and 

𝑊̇𝑓𝑜𝑠𝑠𝑖𝑙+𝑠𝑜𝑙𝑎𝑟 is the plant electricity power output when the ISCC plant uses solar power 

from the solar field. 𝑄̇𝑠𝑜𝑙𝑎𝑟 is the total heat absorbed from the solar field.  

Secondly, it may be better to maximize solar fraction because solar integration into 

NGCC plants frequently requires system modifications. Solar fraction is the ratio of 

solar heat boosted electricity generation to total electricity generation: 

𝐹𝑠𝑜𝑙𝑎𝑟 =
𝑊̇𝑠𝑜𝑙𝑎𝑟 

𝑊̇𝑓𝑜𝑠𝑠𝑖𝑙+𝑠𝑜𝑙𝑎𝑟

 (2.10) 

Typically, solar heat is used to supplement or partially replace the heat supply of one 

or more heat exchangers in the HRSG. To reach a high solar fraction, the size of the 

pertinent heat exchanger(s) must be relatively large, as mentioned by Zhu et al. [111]. 

In the same work, it was mentioned that feedwater (not steam) should be extracted from 

the HRSG for solar collectors, increasing solar input due to the use of latent heat and 

the potential use of direct steam generation.  
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On the other hand, gas cycle parameters should be considered when integrating the solar 

field into the top gas cycle. The GT performance is affected by variables that influence 

the mass flowrate or density of the air entering the compressor. Ambient conditions 

(temperature, humidity, and pressure) are thought to be significant factors on the 

operation of such power plants [166], [167]. The effect of temperature is substantially 

greater than that of other ambient factors [132].  

The relationship between ambient conditions and output power for GT was 

investigated, finding that GT efficiency decreases by 0.1% for every 1°C increase in 

ambient temperature above ISO conditions [168]. At the same time, power decreases 

by 1.47 MW [134], [169]. Zhu et al. [111] verified this strong relation between the GT 

cycle efficiency and the change in ambient temperature, finding that the GT cycle 

efficiency dropped from 36.5% to 34.6% when ambient temperature changed from 0°C 

to 35°C. The mass flowrate entering the compressor and the gas turbine decreases as 

the ambient temperature rises, reducing power production. The gas turbine cycle 

efficiency is often insensitive to ambient pressure, because it is mostly governed by 

ambient temperature and the pressure ratio [170]. In a case study, power production 

decreased from 171 MWe to 140 MWe (18% reduction) as ambient temperature 

increased from 0°C to 35°C at 0.96 bar. Similar results were found for the decrease of 

ambient pressure [111].  

2.5.3 ISCC operation modes 

Depending on the effects on the original combined cycle power plant, there are two 

main operation modes for solar power integration: power boosting and fuel saving, as 

depicted in Figure 2.35. Both modes will be deeply discussed in this subsection based 

on the work presented by Zhang et al. [135]. A single-pressure reheating Rankine cycle 

was selected as the bottom cycle for generating the T-s diagram of a CC system with 

an ideal Brayton cycle and Rankine cycle, as shown in the diagram in Figure 3.36. 

 
Figure 2.35 ISCC operation modes 
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Figure 2.36 T-S diagram of the CC plan (with permission from copyright owner) [135] 

2.5.3.1 Fuel saving mode 

To operate an ISCC in fuel saving mode, solar energy is typically included into the top 

Brayton cycle, where the compressed air is heated after the compressor outlet.  Due to 

the integration of solar energy, the fuel flowrate is reduced because the air enters the 

combustion chamber at higher temperature (2’ instead of 2, as shown in Figure 2.37). 

In addition, the bottom cycle is not significantly impacted by solar integration, as the 

gas turbine conditions do not change. Another option for fuel saving is integrating solar 

power into the bottom steam cycle. As a result, less energy is required at the HRSG and 

less fuel may be burnt in the combustion chamber, with the solar contribution covering 

part of the required thermal energy.   

 
Figure 2.37 T-S diagram of fuel saving type ISCC system (with permission from 

copyright owner)  [135] 

2.5.3.2 Power boosting mode 

In power boosting mode, fuel consumption remains constant, and solar energy is 

typically incorporated into the steam bottom cycle system to heat the feedwater, main 

steam, reheated steam, and the exhaust gases from the top cycle turbine. The integrated 
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solar thermal heat results in an increase in steam parameters or steam flowrate, leading 

to an increase in the output power. Solar thermal heat could be also integrated in the 

top Brayton cycle to increase the output power of the gas cycle and resulting in an 

increase in the output power. There are two subtypes of power-boosting type: mass 

flowrate and parameter-boosting.  

Mass flow rate boosting mode 

In the mass flow rate boosting type, the working fluid mass flowrate (𝑚̇𝑤𝑎𝑡𝑒𝑟)  is 

increased while the thermodynamic properties of the relevant states remain unchanged. 

The top Brayton cycle parameters are kept constant. 

Parameter boosting mode 

The parameters of the working medium increase, as shown in Figure 2.38, while the 

mass flowrate of the working medium (𝑚̇𝑤𝑎𝑡𝑒𝑟) is kept constant. Based on the position 

of integration, parameter boosting mode is divided into two subtypes: SH (superheater) 

parameter-boosting and RH (reheat) parameter-boosting. The top Brayton cycle 

parameters are kept constant in all power boosting modes. 

Some researchers have performed a comparative study between fuel saving and power 

boosting operational schemes to find an optimum one. El-Sayed [171] found that the 

power boosting mode is more cost-effective than the fuel-saving mode after researching 

the operation of a DSG-ISCC in Kuraymat, Egypt.  

 
Figure 2.38 T-S diagram of ISCC boosting types (a) mass flowrate (b) parameter 

(with permission from copyright owner) [135] 

2.5.4 Solar dispatching mode 

Electricity must be always available on demand. To meet this need, it is necessary to 

continuously monitor the electric grid demand and match it with electric generation. 

Some electricity resources are more reliable because they are available when needed, 

while others are more environmentally friendly. Nuclear, coal, and natural gas are all 

dispatchable fuel sources. They are referred to as baseload resources. Wind, solar, and 

hydroelectricity production are a few examples of non-dispatchable fuel resources, 

although part of hydroelectric power can also be categorized as baseload fuel. Despite 

these resources are environmentally friendly, they are not always readily available. 
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Most energy providers use a wide mix of resources, using both dispatchable and non-

dispatchable power sources, providing a continuous electricity flow [172]. 

To overcome the non-dispatchability of the CSP, ISCC plants have successfully 

integrated solar power into the grid [173]. When comparing ISCC plants to a single 

NGCC, lower operating and capital costs, with a potential gain in operational flexibility, 

are attained [174]. Alqahtani et al [175] proved that a ISCC working on a solar 

dispatching mode will have a favorable effect on the economy and the environment. 

This ISCC power plant is designed to run in a dispatching mode, where the CSP solar 

steam is integrated into the NGCC steam turbine to increase power generation. Another 

work by Dersch et al. [156] discussed the dispatchability of the ISCC, where two 

strategies were investigated: solar dispatching and scheduled load operation for an 

annual performance study in California and Spain. The operation of the plant followed 

a demand curve set in the scheduled load mode, while no uniform load profile was 

present in the solar dispatching mode. The CC and ISCC gas turbines run continuously 

at full capacity, with the only factors affecting the gas turbine output being the site 

elevation and ambient temperature. If solar energy was available, the power of the 

steam turbine would increase, increasing plant power production. In the scheduled load 

operation mode, the annual electricity yield was constant across all configurations, but 

in the mode of solar dispatching operation, power output depended on the plant layout 

and local climate. The output and solar share of the ISCC was higher in California, with 

higher solar irradiation. Additionally, solar share was higher in the solar dispatching 

mode than in the scheduled load. It was concluded that, independently of the operating 

mode (solar dispatching or scheduled load), the plant power level was guaranteed. 

Solar dispatching operation mode was also studied by Li et al. [176]. Their system 

functioned as a DSG-ISCC power plant during sunny hours, working as a traditional 

CC power plant under off-design conditions when solar energy was not available. The 

gas turbine ran continuously at full capacity disregarding the effect of ambient 

temperature changes, and the steam turbine was scaled up to handle the solar thermal 

energy input. For DSG-ISCC systems without thermal storage, a higher solar capacity 

resulted in a higher capacity factor. The ideal solar multiple as 1.3, resulting in the best 

LCOE of 0.063 $/kWh and a peak annual thermal efficiency of 54.09%. When the solar 

multiple was 1.2, a maximum yearly thermal efficiency of 54.66% and a minimal 

LCOE of 0.064 $/kWh could be attained. Large solar field sizes, or solar multiples, 

especially those incorporating thermal storage, increase the number of hours the system 

can operate at full capacity. Another work discussed the dispatchability of the ISCC 

[177], where an ISCC with up to 10% to 15% of total capacity from solar energy could 

be economically viable. In comparison to a standalone CSP plant, integrating the CSP 

into an ISCC lowered the LCOE of solar-generated power by 35-40% and offered the 

benefit of dispatchability. 

2.5.5 ISCC performance parameters 

There are generally two different assessment indices for fuel-saving and power-

boosting ISCCs. The amount of fuel saved (𝐹𝑆) for the fuel-saving type ISCC system 

is typically used to compare the performance of the ISCC system to the original CC 

system. In the contrary, when comparing the performance of the power-boosting type 
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ISCC system to the original CC system, the increased output power (𝛥𝑊̇𝑇𝑜𝑡𝑎𝑙) is 

typically assessed. It is, however, very difficult to assess and compare the performances 

of CC units with varied capacities.  

The amount of fuel saved because of the solar contribution can be calculated using the 

heat rate (HR) ratio in Eq. (2.13), which takes the efficiency inverse value for CC 

configurations and should be reduced in ISCCs [142]: 

𝐻𝑅 =  
𝑚̇𝑓 .  𝐿𝐻𝑉

𝑊̇𝐺𝐶 + 𝑊̇𝑆𝐶

 
(2.11) 

 

where 𝑚̇𝑓 is the fuel flowrate in kg/s, 𝐿𝐻𝑉 is the lower heating value in kJ/kg and 𝑊̇𝐺𝐶   

and 𝑊̇𝑆𝐶 are the total power output of the gas and steam cycles in kW. It is common 

practice to establish an incremental solar efficiency (𝜂𝑠𝑜𝑙𝑎𝑟) [178] that compares the 

additional output brought on by solar integration with solar pure thermal power plants. 

The equation below provides this common definition [138]: 

𝜂𝑠𝑜𝑙𝑎𝑟 =
(𝑊̇𝐺𝑇 + 𝑊̇𝑆𝐶)

𝐼𝑆𝐶𝐶
 −  (𝑊̇𝐺𝑇 + 𝑊̇𝑆𝐶)

𝐶𝐶𝐺𝑇

𝑄̇𝑛𝑒𝑡,𝑠𝑜𝑙𝑎𝑟

 (2.12) 

The traditional definition has been altered to incorporate the solar fuel-saving mode. 

The change entails determining what proportion of the whole production is attributable 

to solar contribution; this production should equal the product of solar energy and solar-

to-electricity efficiency (𝜂𝑠𝑜𝑙−𝑡𝑜−𝑒𝑙𝑒𝑐 ) [138]: 

𝑊̇𝑠𝑜𝑙𝑎𝑟 =  𝑄̇𝑛𝑒𝑡,𝑠𝑜𝑙𝑎𝑟  ∙  𝜂𝑠𝑜𝑙−𝑡𝑜−𝑒𝑙𝑒𝑐  (2.13) 

The thermal efficiency of the field can be used to study solar field performance [142]: 

𝜂𝑠𝑜𝑙𝑎𝑟 𝑓𝑖𝑒𝑙𝑑  =  
𝑄̇𝑛𝑒𝑡,𝑠𝑜𝑙𝑎𝑟

𝐷𝑁𝐼 .  𝐴𝑐𝑜𝑙
 (2.14) 

Where 𝐴𝑐𝑜𝑙 is the total solar field collector area in m2.
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In this chapter, the developed model will be presented, and each part of the system will 

be described in a separate section. A real existing combined cycle power plant has been 

taken as a reference case, where the integration of a solar field has been studied. The 

main objective was to develop an ISCC model through the integration of a solar field 

into the CC model to improve the performance of the standalone CC. First, the 

combined cycle model will be discussed, considering the top gas cycle, the bottom 

steam cycle and the heat recovery steam generator. Then, the ISCC model will be 

described and compared with the combined cycle model. ISCC configurations have 

been grouped into two categories: gas cycle integration and steam cycle integration. 

The two integration categories have been analyzed for two operation strategies: fuel 

saving (FS) and power boosting (PB).  

The thermodynamic model of the combined cycle (CC) power plant has been 

implemented in MATLAB software [179]. To obtain air and water properties for the 

top gas and bottom steam cycles, Ideal Air [180] and X-Steam [181] toolboxes were 

used. In order to evaluate the performance of the CC, a set of thermodynamic equations 

based on the mass and energy balances of the cycle components were solved. The 

properties of each thermodynamic state, the air and fuel mass flowrates, efficiency and 

net power of the cycle were calculated. The sequence of the methodology was to 

develop the thermodynamic model of the existing CC in MATLAB, and then to 

incorporate the solar field by modifying the original model to consider the entire ISCC 

configuration. Finally, the energy performance and environmental impact of the ISCC 

was assessed for different solar integration positions and operation strategies. 

3.1 Combined cycle power plant 

The combined cycle power plant model is based on a real existing 90.5 MW CC power 

plant, property of Egyptian Petrochemicals Company (EPC) in Alexandria, Egypt 

(latitude 31° 12’ N, longitude 29° 55’ E, elevation 18 m) [182]. The combined cycle 

consists of a top gas cycle, a bottom steam cycle and HRSG, as shown in Figure 3.1. 

The gas turbine is a ‘GT8C’ turbine built by Asea Brown Boveri (ABB) with a rating 

of 64.2 MW, while the steam turbine is a ‘DK-M 045’ turbine constructed by Brown, 

Boveri & Cie (BBC) with a rating of 26.3 MW. The overall cycle thermal efficiency is 

56.13%. The main technical data of the CC are shown in Table 3.1. The schematic T-s 

diagram of the original combined cycle, shown in Figure 3.2 [183], helps to evaluate 

the power plant efficiency, performance, and possible optimization actions. 

3.1.1 Top gas cycle 

The top gas cycle consists of three main components: a compressor, a combustion 

chamber and a gas turbine, as shown in Figure 3.3. The compressor takes fresh ambient 

air (1g) and compresses it to a higher temperature and pressure (2g), according to the 

compressor pressure ratio. Fuel and compressed air are sent to a combustion chamber, 

where the fuel is burnt at constant pressure, and the resulting high temperature gases 

(3g) are sent to the turbine. The gases expand to ambient pressure (4g) in the turbine 

generating power. Finally, the exhaust gases from the turbine are sent to the HRSG. 
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Figure 3.1 Original combined cycle power plant diagram 

 

Table 3.1 Technical data of the combined cycle power plant 

Gas cycle 

Compressor 

Inlet Ambient temperature (°C) 24 

Inlet pressure (bar) 1 

Combustion chamber 

Inlet pressure (bar) 15.7 

Inlet temperature (°C) 378 

Turbine 

Inlet temperature (°C) 1174 

Exhaust temperature (°C) 549 

Exhaust mass flowrate (kg/s) 174.7 

Steam cycle 

Inlet steam pressure (bar) 43 

LP evaporator pressure (bar) 2.4 

Condenser pressure (bar) 0.08 

Inlet steam temperature (°C) 457 

Economizer outlet temperature (°C) 228 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Combined 

cycle 

Total power output (MW) 90.5 

Cycle efficiency (%) 56.13 
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Figure 3.2 Schematic T-s diagram for the original combined cycle [183] 

 

 
Figure 3.3 Gas cycle schematic diagram 

The pressure ratio 𝑟𝑝 is the ratio between operating pressures 𝑃𝑖𝑔 in bar. Temperatures 
𝑇𝑖𝑔 in K may be calculated as well: 

𝑟𝑝 =
𝑃2𝑔

𝑃1𝑔
=

𝑃3𝑔

𝑃4𝑔
 (3.1) 

𝑟𝑐

𝑘−1
𝑘 =  

𝑇2𝑔

𝑇1𝑔
   (3.2) 

The heat capacity ratio 𝑘 is: 

𝑘 =  
𝑐𝑝

𝑐𝑣
 (3.3) 

where the specific heat at constant pressure and constant volume 𝑐𝑝 and 𝑐𝑣 are in 

kJ/(kg·K). The gas turbine and compressor power 𝑊̇𝐺𝑇 and 𝑊̇𝑐𝑜𝑚𝑝, the heat supplied in 

the combustion chamber 𝑄̇𝑐𝑐, and the net power of the gas cycle 𝑊̇𝐺𝐶 in kW are: 

𝑊̇𝐺𝑇 =  𝑚̇𝑔 · (ℎ3𝑔 − ℎ4𝑔) (3.4) 

𝑊̇𝑐𝑜𝑚𝑝 = 𝑚̇𝑎(ℎ2𝑔 − ℎ1𝑔) (3.5) 

𝑄̇𝑐𝑐 =  𝑚̇𝑓 · 𝐿𝐻𝑉 = 𝑚̇𝑔ℎ3𝑔
− 𝑚̇𝑎ℎ2𝑔 (3.6) 

𝑊̇𝐺𝐶 =  𝑊̇𝐺𝑇 −  𝑊̇𝑐𝑜𝑚𝑝 (3.7) 
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where ℎ𝑖𝑔 is the specific enthalpy in kJ/kg and the mass flowrates of the gases 𝑚̇𝑔, air 

𝑚̇𝑎, and fuel 𝑚̇𝑓 are expressed in kg/s. The lower heating value 𝐿𝐻𝑉 of natural gas is 

47,000 kJ/kg [184]. Finally, the thermal efficiency of the top gas cycle is obtained as: 

𝜂𝑇 =
𝑊̇𝐺𝑛𝑒𝑡

𝑄̇𝑐𝑐

 (3.8) 

3.1.2 Bottom steam cycle 

The steam cycle of the CC consists of a steam turbine, a condenser, and a preheater. 

Hot exhaust gases leaving the gas turbine are directed to the HRSG to heat up water 

circulated in the bottom steam cycle to generate steam. Superheated steam is then 

directed to the steam turbine to produce work. The steam turbine power 𝑊̇𝑆𝑇 is 

calculated as: 

𝑊̇𝑆𝑇 =  𝑚̇𝑠 · (ℎ8 − ℎ9) (3.9) 

where the steam mass flowrate 𝑚̇𝑠  in kg/s and the enthalpy of steam ℎ𝑖 in kJ/kg. The 

power of the high-pressure pump 𝑊̇ℎ𝑝𝑝𝑢𝑚𝑝
 and the feedwater pump 𝑊̇𝑓𝑤𝑝𝑢𝑚𝑝

 are: 

𝑊̇ℎ𝑝𝑝𝑢𝑚𝑝
=  𝑚̇𝑠 · (ℎ3 − ℎ3𝑎) (3.10a) 

𝑊̇𝑓𝑤𝑝𝑢𝑚𝑝
=  𝑚̇𝑠 · (ℎ11 − ℎ10) (3.10b) 

The net power of the steam cycle 𝑊̇𝑆𝐶, in kW, can be calculated as: 

𝑊̇𝑆𝐶 =  𝑊̇𝑆𝑇 −  𝑊̇ℎ𝑝𝑝𝑢𝑚𝑝
−  𝑊̇𝑓𝑤𝑝𝑢𝑚𝑝

 (3.11) 

Hence, the power plant total net power 𝑊̇𝑇𝑜𝑡𝑎𝑙 and efficiency 𝜂𝐶𝐶  could be obtained as: 

𝑊̇𝑇𝑜𝑡𝑎𝑙 =  𝑊̇𝐺𝐶 +  𝑊̇𝑆𝐶 (3.12) 

𝜂𝐶𝐶 =
𝑊̇𝐺𝐶 +  𝑊̇𝑆𝑇

𝑄̇𝑐𝑐

 (3.13) 

3.1.3 Heat recovery steam generator (HRSG) 

In the HRSG, heat is exchanged between the exhaust hot gases coming out of the gas 

turbine and the water/steam from the steam cycle. In the CC model, there are four heat 

exchangers: superheater, High Pressure (HP) evaporator, economizer, and Low 

pressure (LP) evaporator, in addition to the feedwater heater.  

Since values of the product of the heat transfer coefficient ‘𝑈’ and the total heat 

exchanger surface ‘𝐴’, as well as the specific configuration of the heat exchangers of 

the real power plant were unavailable, the Effectiveness-Number of Transfer Units (ε-

𝑁𝑇𝑈) method [185] along with a simplified analysis of an equivalent counterflow heat 

exchanger that operates with the same terminal temperatures and heat transfer rates as 

the original power plant were used to calculate equivalent ‘𝑈𝐴’ values. The available 

power plant data was used to obtain the pinch and approach temperatures, enabling 

validation of the model. 

The 𝜀-𝑁𝑇𝑈 method is a practical technique to predict the output fluid temperatures 

when the heat transfer coefficient and the input temperatures of the operating fluids are 

known. Based on the available data from the CC power plant, the 𝜀-𝑁𝑇𝑈 method was 
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applied iteratively for all the heat exchangers until the values for the outlet temperatures 

of the fluids converged.  

The real heat transfer rate in any heat exchanger can be computed by calculating the 

heat absorbed by the cold fluid or the heat released by the hot fluid. Figure 3.4 shows a 

schematic diagram of the heat exchanging process between the hot gases and the steam.  

 

Figure 3.4 Heat transfer flow diagram of heat exchangers 

The heat lost by the exhaust gases 𝑄̇𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 and the heat gained by the steam 

𝑄̇𝐻𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 was calculated as follows: 

𝑄̇𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑡 =  𝑚̇ℎ𝑜𝑡(ℎℎ𝑜𝑡,𝑖𝑛 − ℎℎ𝑜𝑡,𝑜𝑢𝑡) (3.14) 

𝑄̇𝐻𝑒𝑎𝑡 𝑔𝑎𝑖𝑛𝑒𝑑 =  𝑚̇𝑐𝑜𝑙𝑑(ℎ𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 − ℎ𝑐𝑜𝑙𝑑,𝑖𝑛) (3.15) 

where 𝑄̇ is the heat transfer rate in (kW), 𝑚̇ is the flowrate of the hot gases in (kg/s), 

and ℎ𝑖 is the enthalpy for inlet and the outlet of the hot and cold fluids (kJ/kg). The log 

mean temperature difference (LMTD) is an indicator for the heat transfer process, where 

the larger the LMTD, the more heat is transferred. It is an average temperature 

difference between the hot and cold fluids at the two ends as shown in Figure 3.5. 

Initially, outlet temperatures of the fluids are assumed to calculate a first value of the 

LMTD. Then, new values of the outlet temperatures were determined through 

calculations. The LMTD is calculated using the following expression [185]: 

𝐿𝑀𝑇𝐷 =
∆𝑇1 − ∆𝑇2

ln (
∆𝑇1

∆𝑇2
⁄ )

 
(3.16) 

 
Figure 3.5 Temperature profiles in a counter flow heat exchanger [186] 
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where ∆𝑇1 and ∆𝑇2 represent the temperature differences between the hot and cold 

fluids at the inlet and outlet respectively in K. Therefore, Equation (3.16) could be 

reformulated as: 

𝐿𝑀𝑇𝐷 =   
(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡) − (𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛)

ln (
𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡

𝑇ℎ𝑜𝑡,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛
)

 
(3.17) 

The heat transfer coefficient (𝑈) in the heat exchanger could be calculated as a function 

of the heat transfer area (𝐴) as follows: 

𝑈𝐴 =
𝑄̇

𝐿𝑀𝑇𝐷
 (3.18) 

where 𝑈 is the heat transfer coefficient (W/m2 K), and 𝐴 is the total contact area of 

exchanging heat (m2). Once 𝑈𝐴 is calculated with the previous equation, the Number 

of Transfer Units (𝑁𝑇𝑈) could be obtained as [185]: 

𝑁𝑇𝑈 =  
𝑈𝐴

𝐶min
 (3.19) 

Here, 𝐶𝑚𝑖𝑛 is the smaller of the two heat capacity rates (𝐶𝑐𝑜𝑙𝑑&𝐶ℎ𝑜𝑡) of cold and hot 

fluids in (kW/K). The fluid with a lower heat capacity rate will undergo greater change 

in temperature as compared to fluid with higher heat capacity rate. To calculate the heat 

capacitance rate of any of the fluids two parameters are needed, the mass flowrate 𝑚̇𝑖 

in (kg/s) and the specific heat 𝐶𝑃𝑖
 in (kJ/kg·K) of the fluid. Specific heat is based on the 

average temperatures of inlet and outlet for each fluid. 

𝐶ℎ𝑜𝑡 =  𝑚̇ℎ𝑜𝑡. 𝐶𝑃ℎ𝑜𝑡
 (3.20) 

𝐶𝑐𝑜𝑙𝑑 =  𝑚̇𝑐𝑜𝑙𝑑. 𝐶𝑤𝑐𝑜𝑙𝑑
 (3.21) 

If 𝐶ℎ𝑜𝑡 > 𝐶𝑐𝑜𝑙𝑑 , 𝐶𝑚𝑖𝑛 = 𝐶𝑐𝑜𝑙𝑑 if 𝐶ℎ𝑜𝑡 < 𝐶𝑐𝑜𝑙𝑑 , 𝐶𝑚𝑖𝑛 = 𝐶ℎ𝑜𝑡.  

Effectiveness (𝜀) and 𝑁𝑇𝑈 relationships have been developed for a wide range of heat 

exchanger layouts. Most of these correlations involve the ratio 𝐶𝑟 of the smaller and 

larger of the heat capacity rates (𝐶𝑚𝑖𝑛) and (𝐶𝑚𝑎𝑥) as: 

𝐶𝑟 =  
𝐶𝑚𝑖𝑛

𝐶max
 (3.22) 

The best way to figure out the performance of a heat exchanger is to calculate its thermal 

effectiveness (𝜀) which is the ratio of the actual rate of heat transfer that will occur from 

hot to cold fluid to the maximum possible rate of heat transfer rate for given inlet 

temperatures of the fluids. The (𝜀) depends on the heat exchanger geometry, flow 

pattern (parallel flow, counter flow, cross flow, etc.) and the number of transfer units. 

As the heat exchangers have a single pass in counterflow regime, the relationship 

between Ɛ and NTU could be explained as follows:  

𝜀 =  
1 − 𝑒𝑥𝑝[−𝑁𝑇𝑈. (1 − 𝐶𝑟)]

1 − 𝐶𝑟 . 𝑒𝑥𝑝[−𝑁𝑇𝑈. (1 − 𝐶𝑟)]
 (3.23) 
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In case of phase change heat transfer process, such as boiling or condensation, 𝐶𝑟 ≅ 0 

because of the saturation of temperature during the phase change process. Therefore, 

Equation 3.23 will be represented as: 

𝜀 =  1 − 𝑒𝑥𝑝[−𝑁𝑇𝑈] (3.24) 

Once 𝜀 is calculated, it can be expressed in another formula, to relate actual and 

maximum possible thermal energy transfer rates 𝑄̇𝑎𝑐𝑡𝑢𝑎𝑙 and 𝑄̇𝑚𝑎𝑥𝑖𝑚𝑢𝑚 in kW, as: 

𝜀 =  
𝑄̇𝑎𝑐𝑡𝑢𝑎𝑙

𝑄̇𝑚𝑎𝑥𝑖𝑚𝑢𝑚

 (3.25) 

The maximum possible heat that could be exchanged 𝑄̇𝑚𝑎𝑥𝑖𝑚𝑢𝑚 is expressed as: 

𝑄̇𝑚𝑎𝑥𝑖𝑚𝑢𝑚 = 𝐶𝑚𝑖𝑛. (𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛)  (3.26) 

Now, the effectiveness 𝜀 in Equation (3.25) could be reformed as:  

If 𝐶𝑐 < 𝐶ℎ ∶  𝐶𝑚𝑖𝑛 = 𝐶𝑐 𝜀 =
(𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛)

(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛)
 (3.27a) 

If 𝐶ℎ < 𝐶𝑐 : 𝐶𝑚𝑖𝑛 = 𝐶ℎ 𝜀 =
(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡)

(𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛)
 (3.27b) 

The fluid inlet Ti,in and outlet Ti,out temperatures are in K. A new value for the first 

fluid (with Cmin) outlet temperature T1,out could be obtained. The actual heat transfer 

rate 𝑄̇𝑎𝑐𝑡𝑢𝑎𝑙, neglecting losses, is calculated from one of the following formulas: 

𝑄̇𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑚̇ℎ𝑜𝑡. 𝐶𝑝ℎ𝑜𝑡
. (𝑇ℎ𝑜𝑡,𝑖𝑛 − 𝑇ℎ𝑜𝑡,𝑜𝑢𝑡) (3.28a) 

𝑄̇𝑎𝑐𝑡𝑢𝑎𝑙 =  𝑚̇𝑐𝑜𝑙𝑑. 𝐶𝑝𝑐𝑜𝑙𝑑
. (𝑇𝑐𝑜𝑙𝑑,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑,𝑖𝑛) (3.28b) 

Finally, as the first fluid (with 𝐶𝑚𝑖𝑛) outlet temperature is known, the actual heat 

transfer rate 𝑄̇𝑎𝑐𝑡𝑢𝑎𝑙 could be computed using one part of Equation (3.28) then a new 

value for the second fluid (with 𝐶𝑚𝑎𝑥) outlet temperature T2,out could be determined 

using the other part of the equation. The final fluids outlet temperatures are calculated 

iteratively until the values of Equations (3.27 & 3.28) converge. 

The original combined cycle temperature-heat transfer rate diagram, which displays the 

progression of temperatures across the HRSG, is shown in Figure 3.6. The 

nomenclature of thermodynamic statuses follows the CC power plant diagram in Figure 

3.1. The following 𝑈𝐴 values could fit the power plant data: 449 kW/K for the 

feedwater heater, 164.5 kW/K for the low pressure evaporator, 175.5 kW/K for the 

economizer, 475 kW/K for the high pressure evaporator, and 84.5 kW/K for the 

superheater. The pinch and approach temperatures are 17.5 K and 28 K. 
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Figure 3.6 T-Q diagram for the original combined cycle 

 

3.1.3.1 Validation of the model 

As described in the preceding subsection, some data of the reference EPC power plant 

was used as input data in the model, while the rest (intermediate temperatures, pinch 

and approach points) were used to validate the model. Table 2 presents a comparison 

between the model values and the actual EPC power plant values. Table 3.2 presents a 

comparison between the model values and the actual EPC power plant values. Because 

of the strong agreement between the results, the developed model can be used to analyze 

solar power integration into the original combined cycle. 

Table 3.2 Thermodynamic model vs actual values from the EPC power plant 

Operating & design conditions Model 
EPC power 

plant 

Gas turbine cycle 

Air mass flow rate, kg/s 171.2 171.2 

Air to fuel ratio 50 50 

Pressure ratio, rp 15.7 15.7 

Turbine inlet temperature, °C 1174 1100 

Exhaust temperature, °C 549 540 

Power output, MW 90,569 90,569 

Top gas cycle efficiency, % 39.84% 39.84% 

Steam Turbine cycle 

LP steam mass flow rate, kg/s 5 5 

HP steam mass flow rate, kg/s 25 25 

Turbine inlet pressure, bar 43 43 

Power output, MW 26,292 26,292 

Bottom steam cycle efficiency, % 27.1 NA 
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Operating & design conditions Model 
EPC power 

plant 

Heat recovery steam generator (HRSG) 

Pinch point temperature, K 17.5 17.5 

Approach temperature, K 28 28 

Stack temperature, °C 160 172 

(UA) Feedwater heater, kW/K 449 NA 

(UA) Low pressure evaporator, kW/K 164.5 NA 

(UA) Economizer, kW/K 175.5 NA 

(UA) High pressure evaporator, kW/K 475 NA 

(UA) Superheater, kW/K 84.5 NA 

Combined cycle 

Total output power, MW 90,569 90,569 

Efficiency, % 56.13 56.13 

3.2 Integrated solar combined cycle 

In this section, the validated thermodynamic model presented in the previous section is 

modified to analyze the performance of different ISCCs configurations for two 

operating strategies, fuel saving (FS) and power boosting (PB). Five different 

integrating positions are studied, as shown in Figure 3.7. First, the fuel saving technique 

will be presented for all the configurations (gas and steam), then the power boosting 

technique for all the configurations will follow.   

 

Figure 3.7 Solar field integration options 

3.2.1 Fuel saving mode  

The solar field is integrated into the gas/steam cycle to add more heat to the combined 

cycle, this additional heat will help to save the maximum possible amount of fuel 

without fluctuating the overall output power of the combined cycle. The gas cycle solar 

integration model is different than the steam cycle solar integration model, despite 

having the same idea of saving fuel and keeping the output power constant. 
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3.2.1.1 Gas cycle integration 

To integrate solar field into the gas turbine cycle of a combined cycle power plant, there 

are three different possible positions of integration as shown in Figure 3.8: 

▪ Case A “Before compressor”: Ambient air is heated by solar field before being 

compressed in the next compression stage. 

▪ Case B “After compressor / Before combustion chamber”: Compressed air is 

heated before introducing the fuel in the combustion chamber. 

▪ Case C “After combustion chamber / Before gas turbine”: hot gases are heated 

up before being introduced to the gas turbine.  

Each case will be studied based on some conditions according to the position of 

integration. Operating conditions for each case are represented clearly in the following 

section. The most common option is “case B” as revealed in the literature. “Case A” 

and “case C” will be studied and compared with “case B”. To calculate the percentage 

of fuel saved “FS”, the following formula could be used: 

𝐹𝑆 =
𝑚̇𝑓 −  𝑚̇𝑓𝑛𝑒𝑤

𝑚̇𝑓
 ∙ 100% (3.29) 

Where 𝑚̇𝑓 and 𝑚̇𝑓𝑛𝑒𝑤
 are fuel flowrates for the CC and the ISCC respectively expressed 

in (kg/s). After determining the amount of fuel saved, the natural gas lower heating 

value 𝐿𝐻𝑉 (47,000 kJ/kg) [184] and the natural gas/CO2 emission ratio 

𝐸𝐹𝑁𝐺→𝐶𝑂2
 (0.252 kg/kWh) [187] was used to determine the reduction in CO2 emissions: 

SavingsCO2
= 𝑚̇𝑓𝑠𝑎𝑣𝑒𝑑

· 𝐿𝐻𝑉 · 𝐸𝐹𝑁𝐺→𝐶𝑂2
· Δ𝑡 (3.30) 

Where 𝑚̇𝑓𝑠𝑎𝑣𝑒𝑑
 is the reduction in fuel usage, in kg/h, as a result of integrating solar 

thermal power and Δ𝑡 is the monthly average operating solar hours of Alexandria, 

Egypt (275 solar hours/month) [188]. 

 

Figure 3.8 Gas cycle integration configurations 

Case A: Before air compressor 

In this scheme solar field is integrated before the compressor stage as shown in Figure 

3.9 to preheat the ambient air at constant pressure before compression stage. The 

assumptions maintained for this case are the following: 
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• Inlet and outlet temperatures of the compressor stage increased. 

• Air and fuel mass flowrates are modified depending on the amount of 

integrated solar heat. 

• The work of compressor increased as the inlet temperature increased. 

• Inlet and outlet turbine conditions are constant.  

• The work of the turbine is constant. 

• Overall output power of the gas turbine cycle decreased. 

• Fuel mass flowrate decreased. 

• Steam turbine cycle is virtually not affected. 

• Overall output power of the ISCC decreased. 

The MATLAB model is described as a group of simultaneous Equations (3.31-3.34) 

that are solved to obtain the modified parameters as a result of the additional amount of 

solar heat integrated into the ISCC power plant. Results proved that the integration of 

solar field before the compression stage to heat up the ambient air will lead to an 

increase of the work done by the compressor, as more work is needed to compress 

higher temperature air. 

 
Figure 3.9 Gas cycle integration (Case A: before compressor) 

The mass balance of the flowrates is shown in Equation 3.30.  

𝑚̇𝑔 = 𝑚̇𝑎𝑛𝑒𝑤
+  𝑚̇𝑓𝑛𝑒𝑤

 
(3.31) 

The amount of heat added in the combustion chamber can be expressed as following:  

𝑄̇𝑐𝑐 = 𝑚̇𝑔 ·  ℎ3𝑔
 (3.32) 

Since, stage 3 (turbine inlet) conditions are kept constant, the amount of heat added to 

the combustion chamber could be represented in another form as follows:  

𝑄̇𝑐𝑐 = (𝑚̇𝑎𝑛𝑒𝑤
· ℎ2𝑔𝑛𝑒𝑤

) + (𝑚̇𝑓𝑛𝑒𝑤
· 𝐿𝐻𝑉) (3.33a) 

𝑄̇𝑐𝑐 = (𝑚̇𝑎 · ℎ2𝑔) + (𝑚̇𝑓 · 𝐿𝐻𝑉) (3.33b) 
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The solar heat integrated in the gas turbine cycle could be calculated by Equation 3.34 

assuming no heat losses. 

𝑄̇𝑆𝑜𝑙𝑎𝑟 = 𝑚̇𝑎𝑛𝑒𝑤
· (ℎ1𝑔𝑛𝑒𝑤

− ℎ1𝑔) (3.34) 

Case B: After air compressor 

The second integration option in the gas turbine cycle is the integration of the solar field 

after the air compressor (before the combustion chamber) as shown in Figure 3.10, 

where the compressed air is heated up by the additional solar heat integrated with the 

combined cycle. Fuel is then added to the heated compressed air and burnt together in 

the combustion chamber to produce hot combustion gases that passes by the turbine to 

generate power. The operating conditions for this scheme would be: 

• Air and fuel mass flowrates are modified depending on the amount of 

integrated solar heat. 

• The work of compressor is constant. 

• Inlet and outlet gas turbine conditions are constant.  

• The specific work of the turbine is constant. 

• The overall output power of the top gas cycle is constant. 

• Fuel mass flowrate decreased. 

• The bottom steam cycle is virtually not affected. 

• The overall output power of the ISCC is constant. 

 

Figure 3.10 Gas cycle integration (Case B: After compressor) 

The same model as “case A” is used, as shown in the previous Equations (3.31-3.34). 

The main difference between the first two options (A & B) is the work of compressor, 

where, in “case A” the compressor does more work to compress the heated ambient air, 

but in “case B”, as solar field is integrated after the compressor, the work of the 

compressor is the same as the original CC this is because the input temperature to the 
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compressor did not increase as in “case A”. The power of the compressor could be 

calculated from the following equation: 

𝑊̇𝑐𝑜𝑚𝑝 =  𝑚̇𝑎𝑛𝑒𝑤
(ℎ2𝑔 − ℎ1𝑔) (3.35) 

The energy balance in the combustion chamber is reformulated as: 

𝑚̇𝑎𝑛𝑒𝑤
· ℎ2𝑔𝑛𝑒𝑤

+ 𝑄̇𝑎𝑑𝑑 = 𝑚̇𝑎𝑛𝑒𝑤
· ℎ2𝑔𝑛𝑒𝑤

+ 𝑚̇𝑓𝑛𝑒𝑤
· 𝐿𝐻𝑉 = 𝑚̇𝑔ℎ3𝑔

 (3.36) 

The solar heat integrated in the gas turbine cycle could be calculated by the following 

equation assuming no heat losses. 

𝑄̇𝑆𝑜𝑙𝑎𝑟 = 𝑚̇𝑎𝑛𝑒𝑤
· (ℎ2𝑔𝑛𝑒𝑤

− ℎ2𝑔) (3.37) 

Unlike “case A”, the overall output power of the ISCC could be maintained as the same 

as for the original CC. 

Case C: After combustion chamber 

The third position for integrating the solar field within the CC is after the combustion 

chamber stage (before the gas turbine) as shown in Figure 3.11. Heating up hot gases 

by the solar field is a critical challenge as the temperature of the gases leaving the 

combustion chamber is very high. 

 
Figure 3.11 Gas cycle integration (Case C: After combustion chamber) 

Stage (3g) is a very important stage in the gas turbine cycle in this configuration, where 

the solar field is integrated after the combustion chamber. It is the highest temperature 

that the cycle can reach and has a significant impact on the gas turbine performance, 

which in turn directly affects the gas turbine cycle overall output power. The model for 

this integration configuration works with the same concept as the previous 

configuration “case B”, where all the conditions of “case B” are applied. Inlet and outlet 

conditions of the turbine are always kept constant so the integrated solar heat at this 

stage will help in decreasing the amount of fuel burnt in the combustion chamber and 

subsequently will decrease the temperature of stage (3g) as shown in Figure 3.11. 
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The energy balance in the combustion chamber can be represented as: 

ṁanew
· h2𝑔 + Q̇add = ṁanew

· h2g + ṁfnew
· 𝐿𝐻𝑉 = ṁgh3g𝑛𝑒𝑤

 (3.38) 

The solar heat integrated in the gas turbine cycle can be calculated by the following 

equation assuming no heat losses: 

𝑄̇𝑆𝑜𝑙𝑎𝑟 = 𝑚̇𝑎𝑛𝑒𝑤
· (ℎ3𝑔 − ℎ3𝑔𝑛𝑒𝑤

) (3.39) 

3.2.1.2 Steam cycle integration 

Solar heat can be integrated into the steam turbine cycle to reduce fuel consumption, 

where it could be coupled with one or more of the heat exchangers in the HRSG to add 

extra heat to the bottom steam cycle. The bottom cycle additional energy coupling will 

result in an increase in the water/steam characteristics, working medium (water/steam) 

mass flowrate and output power. Solar thermal power integrated will balance the 

reduction in the output power from the gas turbine as less fuel is burnt in the combustion 

chamber. In this section two steam cycle integration configurations will be studied: 

a) Integration at superheater: High pressure and temperature outlet vapor from 

the HP drum is heated by the integrated solar thermal power before passing by 

the superheater stage. 

b) Integration at Economizer: Feedwater is heated to increase its temperature 

before being heated in the economizer stage. 

Case D: Integration at superheater 

In this configuration, high pressure vapor from the outlet of the HP drum is heated by 

the integrated solar heat, as shown in Figure 3.12. Then, steam will be superheated in 

the superheater stage before passing by the steam turbine to generate power. Integrated 

solar heat in the lower steam cycle will add more heat to the lower cycle affecting the 

distribution of temperature in the HRSG as temperatures of water/steam will increase, 

thus, the steam turbine will produce more power.  

 
Figure 3.12 Steam cycle integration (Case D: at superheater) 
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In the fuel saving operating technique, the overall output power of the ISCC should be 

kept constant and the extra power added by the integration of solar heat should reduce 

fuel consumption. In this case, the additional power produced by the steam turbine will 

compensate for the reduction in the gas turbine power to keep the overall ISCC output 

power constant. If gas turbine in the ISCC produces less power than that in the CC, 

therefore, there will be a reduction in the fuel mass flowrate in the combustion chamber, 

compared to the original fuel consumption rate, and a certain amount of fuel will be 

saved depending on the amount of solar heat integrated in the ISCC.  

Implementing the model of the ISCC (superheater) requires continuous monitoring of 

the temperatures inside the HRSG to prevent reversibility of heat exchange process 

between the water/steam and the hot gases. By integrating the solar heat inside the 

HRSG temperature of water/steam increases and after a certain amount of additional 

heat any extra heat will be wasted, as the system will reverse the heat exchange process 

between water/steam and gases. The solar heat integrated into the steam turbine cycle 

could be calculated by the following equation assuming no heat losses: 

𝑄̇𝑆𝑜𝑙𝑎𝑟 = 𝑚̇𝑠 · (ℎ7𝑛𝑒𝑤
− ℎ7) (3.40) 

Case E: Integration at economizer 

The last configuration studied at the bottom steam cycle increases the temperature of 

feedwater at the economizer stage, as shown in Figure 3.13. Integrated solar thermal 

power will provide the steam cycle with additional heat that will raise the temperature 

distribution along the HRSG. If the fuel saving strategy is applied to the configuration, 

the additional heat will allow to reduce fuel flowrate consumption because the steam 

cycle will generate more power to keep overall output power constant. One of the 

challenges affecting the results is controlling the heat transfer process to prevent the 

reversal of heat exchange between the hot gases and the steam. The solar heat integrated 

into the steam turbine cycle, assuming no heat losses, can be calculated as: 

𝑄̇𝑆𝑜𝑙𝑎𝑟 = 𝑚̇𝑠 · (ℎ3𝑛𝑒𝑤
− ℎ3) (3.41) 

 
Figure 3.13 Steam cycle integration (Case E: at economizer) 
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3.2.2 Power boosting mode 

The power boosting mode integrates the solar field into the CC to increase the cycle 

output power. Solar field integration may be performed at the top gas cycle or the 

bottom steam cycle. In this work, the same five integration positions studied for the fuel 

saving mode will be studied for the power boosting mode, as shown in Figure 3.14. 

 

 

Figure 3.14 Solar field integration options (power boosting mode) 

To calculate the boosted power, the following formula is used, where 𝑊̇𝑇𝑜𝑡𝑎𝑙 and 

𝑊̇𝑇𝑜𝑡𝑎𝑙𝑛𝑒𝑤
 are the net output power of the original CC and ISCC in kW: 

𝑃𝐵 =
𝑊̇𝑇𝑜𝑡𝑎𝑙𝑛𝑒𝑤

− 𝑊̇𝑇𝑜𝑡𝑎𝑙

𝑊̇𝑇𝑜𝑡𝑎𝑙

 ∙ 100% (3.42) 

3.2.2.1 Gas cycle integration 

Three different possible positions for integration (F, G & H) into the gas turbine cycle 

were studied, as shown in Figure 3.14. 

Case F: Before air compressor 

The solar field is integrated before the compressor to preheat ambient air before 

compression, as shown in Figure 3.9. The assumptions performed are: 

• Inlet air temperature of the compressor stage increases. 

• Air and gases mass flowrates change depending on the integrated solar power. 

• Fuel mass flowrate is constant. 

• The work of the compressor increases. 

• Inlet and outlet turbine conditions are constant.  

• The gas turbine cycle output power decreases. 

• The steam turbine cycle is virtually unaffected. 

The MATLAB model for this configuration is similar to the model implemented in 

“case A” but with different operating conditions following the commented 

assumptions. Equations (3.31-3.34) were also used to solve the model for “case F”. 
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Nevertheless, “Case F” failed to achieve power boosting due to the huge increase in the 

compressor power, leading to a decrease of the total power instead of power boosting.  

Case G: After air compressor 

The solar field is integrated after the air compressor, before the combustion stage, as 

shown in Figure 3.10, to preheat compressed air. The fuel is then burnt with this 

compressed air in the combustion chamber to generate hot gases and power the gas 

turbine. The modelling assumptions for this configuration scheme are as follows: 

• Air and gases mass flowrates change with integrated solar power. 

• Fuel mass flowrate is constant. 

• Compression work increases. 

• Inlet and outlet gas turbine conditions are constant.  

• The gas turbine output increases. 

• The steam turbine cycle is virtually unaffected. 

• Power output of the ISCC increases. 

The same MATLAB model as in “case F” was used, based on Equations (3.31-3.34), 

but with different operating conditions to adapt to the power boosting strategy. “Case 

G” showed good possibilities, allowing to boost the gas turbine cycle power thanks to 

the integrated solar thermal power. Since the fuel flowrate and input and output 

conditions of the gas turbine are kept constant, the integrated solar thermal power 

allows to introduce more air to the combustion chamber; thus, a higher gas flowrate 

will power the gas turbine. Even though the steam cycle output power is not directly 

affected by solar integration, the increase in the gas turbine cycle power leads to an 

increase in overall ISCC output power.  

Case H: After combustion chamber 

The third position for integrating the solar field within the gas turbine cycle is after the 

combustion chamber stage, before the gas turbine inlet, as shown in Figure 3.11. Stage 

(3g) is always the highest temperature in any gas cycle configuration, and it has a strong 

impact on the performance of the gas turbine. A similar model to the one of “case G” 

is used, adapted to integrate solar power after the combustion chamber.  

3.2.2.2 Steam cycle integration  

The solar heat can be also integrated into the steam cycle, where it can be coupled with 

one or more of the HRSG heat exchangers. The additional integrated power can 

increase the working fluid (steam) mass flowrate or the operating conditions, leading 

to an increase in the steam cycle output power. Keeping the same operating conditions 

for the gas turbine cycle, the overall ISCC output power will increase. Two integration 

positions at the steam cycle solar heat integration were studied: 

a) Integration before the superheater: outlet steam from the HP drum at high 

pressure and temperature is heated by the integrated solar thermal power before 

entering the superheater stage. 

b) Integration before the economizer: Feedwater is heated to increase its 

temperature before entering the economizer stage. 
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There are two operating techniques for power boosting: “flowrate boosting”, in which 

the working fluid mass flowrate increases while fluid thermodynamic states 

(temperature, pressure...etc.) remain constant; and “parameter boosting”, in which all 

the thermodynamic states are boosted but the mass flowrate is kept constant. Both 

techniques were studied at the two integration positions. 

Flowrate boosting mode 

The working fluid mass flowrate increases, while the thermodynamic states it follows 

are kept constant. The top Brayton cycle parameters are not affected. 

a) Case I: Integration before the superheater 

In this configuration, the high pressure and temperature steam in the HP drum is heated 

by the solar field, as shown in the configuration in Figure 3.12. Thanks to the integrated 

solar power, the steam mass flowrate that enters the HRSG superheater may be 

increased, changing the temperature distribution inside the HRSG. The additional steam 

mass flowrate through the steam turbine generates more power, boosting output power. 

b) Case J: Integration before the economizer 

Finally, the solar thermal power may be integrated before the economizer to preheat 

feedwater, changing the temperature distribution inside the HRSG. With the flowrate 

power boosting mode, the working fluid flowrate (steam) increases, increasing the 

steam cycle output power. The gas cycle operation is kept constant, so overall ISCC 

output power increases.  

Parameter boosting mode 

In this configuration, the working fluid mass flowrate is kept constant while its 

thermodynamic states (temperature, pressure, etc.) are increased thanks to the 

integration of solar thermal power. The top Brayton cycle operating parameters are kept 

constant. The same integration positions I and J introduced for the flowrate boosting 

strategy will be analyzed. 

 

3.3 Solar field technology selection 

Based on the integration position, the solar field must be adapted to different 

temperature conditions. Different concentrating solar collector technologies, presented 

in Table 3.3, were examined for each configuration. The literature claims that 

Therminol VP-1 as HTF and PTC as solar field technology are commonly used in 

ISCCs, thanks to the low dynamic viscosity and excellent heat capacity of Therminol 

VP-1 over a wide operating temperature range [189]. However, 390°C is the maximum 

operating temperature of Therminol VP-1, so solar molten salts, that can reach 

temperatures as high as 550ºC, could be an alternative HTF [190]. PDR or heliostats 

will be the only choice at much higher temperatures. 
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Table 3.3 Concentrating solar collectors [21], [191] 

Collector type 
Parabolic trough 

collectors (PTC) 

Parabolic dish 

reflectors (PDR) 

Heliostat field 

collectors (solar 

power tower) 

Description 

-Parabolic sheet of 

reflective material 

-Linear receiver 

(metal pipe with 

heat transfer fluid) 

-Large reflective 

parabolic dish with 

stirring high 

engine receiver at 

focal point 

-Large heliostat 

field with tall 

tower in its center 

-Receiver: 

water/HTF boiler 

at top 

Operating temp. 

range (°C) 
50-400 150-1500 300-2000 

Relative cost Low Very high High 

Concentration 

ratio (Sun)a 
15-45 100-1000 150-1500 

Tracking One-Axis Two-Axis Two-Axis 

Efficiency (%) ~18 ~30 ~25-28 

a 
Ratio of the effective area of the aperture to the receiver/absorber area of the collector 

3.4 Absorbed solar energy 

In this section, the model of the solar field, based on PTCs, is discussed based on the 

work of Duffle & Beckman [192] and Iqbal [193]. The amount of thermal energy 

absorbed by the solar collector 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑, later transferred to the ISCC, will be 

introduced, with all the factors affecting the quality and amount of absorbed solar heat. 

The Sun is made entirely of gas, held by gravitational forces. Its physical structure is 

intricate and may be divided into several sections. The core is the innermost, hottest 

and densest region. The interior, located above the core, contains nearly all the mass of 

the Sun. Nearly all solar energy comes from the core and interior, working as a fusion 

reactor, with the outer zones propagating this energy. Most of the solar radiation that 

reaches the Earth atmosphere travels through the photosphere, which is the Sun surface. 

The amount of solar radiation that reaches the Earth is inversely proportional to the 

square of the distance between the Earth of the Sun. For a mean distance of 1 

astronomical unit (1 AU = 1.496·1011 m), maximum solar radiation outside the Earth 

atmosphere is around almost 1.37 kW/m2. Over a year, it fluctuates by around 3% 

depending on the relative distance between the Earth and Sun. Around January 3rd, the 

Earth is at its closest position to the Sun (perihelion ~ 0.983 AU), while around July 

4th, it is at its farthest position (aphelion ~ 1.017 AU). Around April 4th and October 5th, 

the mean distance is reached.  

Part of the energy from solar radiation that enters the atmosphere is lost by diffraction 

due to interactions with air molecules, water (vapor and droplets), and dust. Another 

portion in the ultraviolet spectrum is absorbed by the ozone layer and in the infrared by 

water vapor and carbon dioxide. Scattered or diffuse radiation travels in two directions: 
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some of it returns to space, and some of it hits the ground. The rest of radiation, which 

reaches the Earth surface directly in line from the solar disc, is called beam radiation. 

Direct normal radiation (𝐺𝑏𝑛) is the beam radiation that strikes the Earth surface 

perpendicularly. The total solar radiation or global radiation, i.e. the sum of the diffuse 

and beam solar radiation on a surface, is crucial for the construction of flat-plate 

collectors and for the estimation of heating and cooling loads in buildings. In 

concentrating devices, only the direct normal radiation is used. A Normal Incidence 

Pyrheliometer (NIP) can be used to measure its value. The NIP is a device for measuring 

solar radiation at normal incidence from the Sun. Figure 3.15 shows the direct normal 

radiation for a summer day (September 2nd, 2023) in Alexandria, Egypt [194].   

 
Figure 3.15 Direct normal radiation in Alexandria, Egypt on 2nd September 2023 

[194] 

As the position of the Sun in the sky and atmospheric effects on scattering and 

absorbing radiation change over time, direct normal radiation changes between dawn 

and dusk. The normal to the surface of the collector must be collinear to the incoming 

solar beam direction to maximize energy collection. The angle formed by the normal 

to the surface and the beam radiation direction is known as the angle of incidence 𝜃, as 

shown in Figure 3.16. As a result, throughout the day, the incoming solar beam 

radiation also changes. 

 
Figure 3.16 Angle of incidence [195] 
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Solar collectors must move to track the Sun to reduce the angle of incidence, with the 

best results being obtained when the collector surface is rotated around two axes. Many 

concentrating collectors track the Sun by rotating around a horizontal north-south axis, 

as shown in Figure 3.17, left. Due to this constraint, only the portion of the solar beam 

radiation perpendicular to the single-axis-tracking collector surface will be captured. 

 

Figure 3.17 Single axis solar tracking [196] 

The value of the useful solar beam radiation can be obtained by multiplying its value 

by the cosine of the angle of incidence. For a plane rotated about a horizontal north-

south axis with continuous adjustment to minimize the angle of incidence, Duffle & 

Beckman [192] provide a formula for calculating it: 

cos 𝜃 =  (cos2 𝜃𝑧 + cos2 𝛿 sin2 𝜔)
1

2⁄  (3.43) 

The angles 𝜃𝑧, 𝛿 and 𝜔 define the position of the Sun during its daily path relative to 

the horizontal coordinates, as shown in Figure 3.18 by Iqbal [193], which depicts the 

celestial sphere viewed by a collector at location C on the Earth surface. 

 
Figure 3.18 Celestial sphere and Sun coordinates relative to collector on Earth at 

point C (with permission from copyright owner) [197] 
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The celestial poles are the intersections of the celestial sphere with the polar axis of the 

Earth, and the celestial Equator is its intersection with the equatorial plane of the Earth. 

The local zenith is the intersection point between the celestial sphere and the normal to 

the Earth surface at the position C of the collector. The celestial horizon of the collector 

becomes a large circle in the celestial sphere defined by a plane parallel to the surface 

of the collector.  

The zenith angle, 𝜃𝑧, is defined as the angle between the vertical (the local zenith) and 

the solar beam direction, falling between 0° ≤ 𝜃𝑧 ≤ 90°. The zenith angle and the 

incidence angle, 𝜃, become equal only at solar noon. 

The declination angle, , 𝛿, is the angular location of the Sun at solar noon (on the local 

meridian). Its range is between -23.45° and 23.45°. During winter solstice (December 

21st or 22nd), it becomes minimum, while during summer solstice (June 21 or 22), it 

becomes maximum. At the vernal equinox (March 20th or 21st) and the autumnal 

equinox (September 22nd or 23rd), it becomes zero. The maximum daily declination 

change, which happens during equinoxes, is less than 0.5°. Figure 3.19 represents the 

solar declination with the Earth at the center of a celestial sphere that the Sun revolves 

around. 

 
Figure 3.19 Celestial Sphere showing Sun declination angle (with permission 

from copyright owner) [197] 

There have been several expressions for approximating the value of solar declination. 

According to Spencer, as cited by Iqbal [193], the following expression for 𝛿, in 

degrees, is: 
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𝛿 =  (0.006918 − 0.399912 cos 𝜕 + 0.070257 sin 𝜕
− 0.006758 cos(2𝜕) + 0.000907 sin(2𝜕)
− 0.002697 cos(3𝜕) + 0.00148 sin(3𝜕)) (180 𝜋⁄ ) 

(3.44) 

In the previous equation, 𝜕, in radians, is the day angle: 

𝜕 = 2𝜋(𝑑𝑛 − 1) 365⁄  (3.45) 

where 𝑑𝑛 is the year day count from 1 on January 1st to 365 on December 31st, 

considering that February has 28 days. The use of Equation (3.43) is advised in digital 

machines since it provides an estimate of 𝑑𝑛 with a maximum inaccuracy of 0.0006 rad 

(<3'). 

Perrin de Brichambaut also expressed 𝛿, in degrees, through the following equation, as 

cited in Iqbal [193]: 

𝛿 =  sin−1 {0.4 sin [
360

365
(𝑑𝑛 − 82)]} (3.46) 

Cooper supplied an additional straightforward equation for 𝛿, in degrees, as cited by 

Iqbal [193]: 

𝛿 = 23.45 sin [
360

365
(𝑑𝑛 + 284)] (3.47) 

The hour angle 𝜔 is the angle at which the Sun moves east or west of the local meridian 

by the rotation of the Earth, at 15°/h. This angle is negative in the morning and positive 

in the afternoon. At solar noon, 𝜔 is 0°. Local clock noon is generally not equal to solar 

noon, which happens when the Sun is on the local meridian [192]. Therefore, standard 

time must be changed to solar time for calculations. The time deviation is due to two 

reasons. Firstly, the longitude at the local meridian, 𝐿𝑙𝑜𝑐, and the longitude at the 

meridian on which the Local Standard Time is based, 𝐿𝑠𝑡, are different. For example, 

in the case of Alexandria (Egypt), the local longitude is 29.95527º E, and the standard 

longitude for the Egypt Standard Time is 30º E. And secondly, Earth rotational 

disturbances, which have an impact on when the Sun crosses the collector meridian, are 

considered in a second correction term, 𝐸𝑖. Hence, in minutes: 

𝑆𝑜𝑙𝑎𝑟 𝑇𝑖𝑚𝑒 − 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑇𝑖𝑚𝑒 = 4 (𝐿𝑠𝑡 − 𝐿𝑙𝑜𝑐) +  𝐸𝑖 (3.48) 

where 𝐸𝑖 is the equation of time, described by Spencer, as cited by Iqbal [193]: 

𝐸𝑖 = 229.18(0.000075 + 0.001868 cos 𝜕 − 0.032077 sin 𝜕
− 0.014615 cos(2𝜕) − 0.04089 sin(2𝜕)) 

(3.49) 

Local time in summer can be daylight saving time, 60 minutes later than standard time: 

𝐷𝑎𝑦𝑙𝑖𝑔ℎ𝑡 𝑆𝑎𝑣𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 − 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑇𝑖𝑚𝑒 = 60 (3.50) 

Finally, another angle in Figure 3.18 is the latitude Φ or position of the collector north 

or south from the Earth Equator. For example: the latitude, Φ, for Alexandria (Egypt) 
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is 31.21564º N. The four angles depicted in Figure 3.18 are related through the equation 

provided by Duffie & Beckman [192]: 

cos 𝜃𝑧 =  cos Φ cos 𝛿 cos 𝜔 +  sin Φ sin 𝛿 (3.51) 

This equation allows to calculate the hour angle at sunset, 𝜔𝑠𝑢𝑛𝑠𝑒𝑡, knowing that the 

zenith angle, 𝜃𝑧, is 90° at this time: 

cos 𝜔𝑠𝑢𝑛𝑠𝑒𝑡 =  − tan Φ tan Φ (3.52) 

By symmetry, the sunrise hour angle 𝜔𝑠𝑢𝑛𝑟𝑖𝑠𝑒 is: 

𝜔𝑠𝑢𝑛𝑟𝑖𝑠𝑒  =  − 𝜔𝑠𝑢𝑛𝑠𝑒𝑡 (3.53) 

As the Sun spins at 15°/h, the time at dawn, in hours, can be obtained as: 

𝑆𝑢𝑛𝑟𝑖𝑠𝑒 𝐻𝑜𝑢𝑟 = 𝑆𝑜𝑙𝑎𝑟 𝑁𝑜𝑜𝑛 +  𝜔𝑠𝑢𝑛𝑟𝑖𝑠𝑒 15⁄  (3.54) 

And finally, the hour angle 𝜔 is expressed as: 

𝜔 =  𝜔𝑠𝑢𝑛𝑟𝑖𝑠𝑒 +  (𝑆𝑜𝑙𝑎𝑟 𝑇𝑖𝑚𝑒 − 𝑆𝑢𝑛𝑟𝑖𝑠𝑒 𝐻𝑜𝑢𝑟)  · 15 (3.55) 

In summary, Equation (3.43) is used to obtain the angle of incidence, , by including the 

zenith angle, 𝜃𝑧, rom Equation (3.51), the declination,  𝛿, from Equation (3.44), and the 

hour angle, 𝜔, from Equation (3.55). Then, the reduced beam radiation incident on an 

unshaded single axis tracking collector can be calculated by multiplying the cosine of 

the angle of incidence by the intensity of the solar beam radiation. 

However, there are extra losses due to end losses and shadowing caused by the heat 

collector element (HCE) structures (Figure 3.20). Sun rays are focused on the HCE by 

reflection when they hit the ends of a trough collector. Figure 3.21 shows a HCE layout, 

while heat transfer at the HCE is depicted in Figure 3.22. Part of the HCE end will never 

receive solar radiation, so the cosine of the angle of incidence is changed using a 

function known as ‘incidence angle modifier’ to consider these optical losses. 

 

Figure 3.20 Solar collector assembly (with permission from copyright owner) [198] 
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The incidence angle modifier function is obtained, for cos 𝜃 > 0.9 : 

𝐹(cos 𝜃) =  −938564.84377331(cos 𝜃)6 + 5222972.5393731(cos 𝜃)5

− 12093484.903502 (cos 𝜃)4

+ 14912235.279499(cos 𝜃)3

− 10327122.89884 (cos 𝜃)2 + 3808006.9842855 cos 𝜃
− 584041.2051114  

(3.56) 

whereas for cos 𝜃 ≤ 0.9 : 

𝐹(cos 𝜃) =  7995.6488341455 (cos 𝜃)8 − 45016.702352137 (cos 𝜃)7

+ 110302.75784952 (cos 𝜃)6

− 153602.39131907 (cos 𝜃)5

+ 132938.65779691 (cos 𝜃)4

− 73211.270566734 (cos 𝜃)3

+ 25050.730094871 (cos 𝜃)2 − 4867.542978969 cos 𝜃
+ 411.23466109821  

(3.57) 

 

Figure 3.21 Heat collector element (HCE) [197] 

 

 

Figure 3.22 Heat transfer at the HCE [197] 

The amount of solar energy absorbed per unit length equals the intensity of the 

incoming solar beam radiation multiplied by the incidence angle modifier, multiplied 

by the collector width. This is only true, though, if the collectors do not shade one 

another. Usually, collectors are organized in rows separated by a distance 𝐿𝑆𝑝𝑎𝑐𝑖𝑛𝑔, as 
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in the trough collector field depicted in Figure 3.23. The front rows may shade the rows 

behind, as shown in Figure 3.24. Figure 3.25 shows the shading effect for different Sun 

positions. As observed in Figure 3.25-B, during the morning, the collectors will be 

partially shaded until a specific zenith angle is reached. The effective collector aperture 

reached by the solar beam radiation decreases, reducing the effective collector width 

and the solar energy absorption. Figures 3.25-C and 3.25-D show that shading 

disappears once a particular zenith angle is attained. The same behavior will appear 

when dusk arrives, only in reverse order (D-C-B-A). 

 
Figure 3.23 Aerial view of CSP trough plants at Kramer Junction, California [199] 

 
Figure 3.24 Shading in multiple row parabolic trough collector [200] 
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Figure 3.25 Shading effect for various Sun positions (with permission from 

copyright owner) [197] 

Finding an equation for the effective collector width is key for assessing optical losses 

from shading. If 𝑊 is the collector width, the effective collector width will be: 

𝑊𝑒𝑓𝑓 = 𝑥 . 𝑊  (3.58) 

where 𝑥: [0,1] is the level of shading, from 0 – full shading to 1 – no shading. 

Further optical energy losses can result from radiative properties of the mirror, the 

envelope, and the absorber of the solar collector. First, the trough mirror reflects solar 

beam radiation, which is then focused onto the HCE. However, there will be specular 

reflection and diffuse reflection [192], and diffuse reflection on the trough mirrors will 

not contribute significantly to the radiation acting on the absorber since it is dispersed 

in all directions. The ratio of the specular reflected radiation to the solar beam radiation 

incident on the trough mirror is known as the specular reflectance 𝜌.  

In addition, before being absorbed, the specular radiation passes through the glass 

enclosure of the HCE, as shown in Figure 3.22. At the interface between the two media, 

there will be some reflection due to the difference in the refractive index [192], so part 

of the energy will not pass across the interface. If absorption of the glass envelope is 

neglected, the amount of radiation that reaches the absorber may be determined by 

adding up the portions of the solar beam radiation that passed across the interface. The 

transmittance 𝜏 is the share of radiation transmitted through the glass envelope after 

considering radiation losses caused by reflection and absorption  

Finally, the surface of the absorber tube in the HCE absorbs the share of incoming solar 

beam radiation called absorptance 𝛼. In concentrating solar field models, reflectance 𝜌, 

transmittance 𝜏 and absorptance 𝛼 are usually between 0.9 and 1.   

The radiation reflected to the glass envelope by the absorber is partially reflected there 

back to the absorber, giving it another chance to be absorbed. This effect happens in 

the annulus between the absorber tube and the glass envelope and leads to a slight 

increase in the amount of solar radiation absorbed that could be explained by the 
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product of the transmittance and absorptance 𝜏𝛼 [192]. An appropriate approximation 

for most practical solar collectors is: 

(𝜏𝛼)  ≅  1.01𝜏𝛼  (3.59) 

Consequently, optical efficiency from radiation properties is: 

𝜀𝑜𝑝𝑡 =  𝜌𝜏𝛼 (3.60) 

And the absorbed solar energy is finally: 

𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 = 𝐺𝑏𝑛 . 𝐹(cos 𝜃) . 𝑊𝑒𝑓𝑓  . 𝜀𝑜𝑝𝑡 . γ (3.61) 

where 𝛾 is a factor varying with the amount of dirt on the mirrors and the number of 

broken collectors in the field. 
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In this chapter, the results of the solar thermal power integration with the combined 

cycle power plant at different positions based on two operating schemes, fuel saving 

and power boosting, will be discussed. Based on the operational limitations of each 

approach, five solar integration positions were examined. For every configuration, the 

maximum solar thermal power that could be integrated to guarantee the proper 

functioning of the HRSG was assessed. 

4.1 Fuel saving  

Three different integration options into the gas cycle and two options into the steam 

cycle were studied, as shown in Figure 4.1. The gas cycle integration options results 

will be presented first, followed by the steam cycle integration results. 

 
Figure 4.1 Solar field integration options for fuel saving 

4.1.1 Solar field integration at the top gas cycle 

▪ Case A “Before air compressor”: Ambient air is heated by solar field before 

the compression stage. 

▪ Case B “After compressor / Before combustion chamber”: Compressed air 

is heated before entering the combustion chamber. 

▪ Case C “After combustion chamber / Before gas turbine”: hot gases are 

heated up before entering the gas turbine.  

4.1.1.1 Case A “Before air compressor” 

In “case A”, the solar field heats up ambient air before compression,  as shown in Figure 

4.2. Since the integration is in the gas cycle and the input and output conditions of the 

gas turbine are kept constant, the steam cycle is virtually not affected by the integration 

of the solar field. For this solar integration option, the results were analyzed at solar 

power values from 1 to 5 MW in 1 MW increments, as shown in Table 4.1. The results, 

collected in Table 4.1, show that the integration of the solar field before the 

compression stage will increase compression work, as the air to be compressed is now 

hotter. 
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Figure 4.2 Case A: solar field integrated before air compressor for fuel saving 

Table 4.1 Original CC vs ISCC (case A) “Fuel saving” 

Solar heat integration 
Original 

CC 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

Integrated solar heat (MW) -- 1 2 3 4 5 

Mass flowrates 
Original 

CC 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

Air to fuel ratio 50 50.72 51.47 52.23 53.02 53.83 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 171.32 171.37 171.42 171.46 171.51 

Fuel flowrate (kg/s) 3.42 3.37 3.33 3.28 3.23 3.18 

Fuel saving (%) -- 1.39 2.79 4.19 5.59 6.99 

LP evaporator mass flowrate (kg/s) 5 
LP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

CC 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

Compressor inlet (°C) 24 30 35.5 41.5 47 53 

Combustion chamber inlet (°C) 378 390 402 414 426 438 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Cycle efficiency 
Original 

CC 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

Gas turbine cycle (%) 39.84 39.37 38.9 38.42 37.94 37.44 

Combined cycle (%) 56.13 55.79 55.45 55.11 54.76 54.4 

Cycle power breakdown 
Original 

CC 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

ISCC 

Case A 

Compressor (kW) 62,450 63,695 64,939 66,183 67,428 68,672 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 63,032 61,788 60,544 59,299 58,055 

Steam cycle (kW) 26,292 

Total net power (kW) 90,569 89,324 88,079 86,835 85,590 84,346 

Specific work per fuel unit mass 

flow (kJ/kg) 
26,439 26,446 26,454 26,461 26,468 26,476 

Back work ratio (%) 49.28 50.26 51.24 52.22 53.2 54.19 

CO2 emissions (Mt/year) 0.2971 0.2929 0.2888 0.2846 0.2804 0.2763 

CO2 emissions saved (kg 

CO2/kWh) 
- 0.0014 0.0028 0.0042 0.0057 0.0072 
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As the compressor power increases, the gas cycle output power will decrease. 

Considering that the steam cycle is not affected by solar integration, the total output 

power of the ISCC will decrease as shown in Figure 4.3.  

 
Figure 4.3 Work of compressor & ISCC output power at different integrated solar 

heat for case A 

As the solar thermal power increased from 0 to 5 MW, the compression power increased 

from 62.45 to 68.67 MW, and the total output power of the ISCC decreased from 90.56 

to 84.34 MW. Thermal efficiencies kept falling as the gas cycle efficiency decreased 

from 39.84% to 37.44%, as shown in Figure 4.4. Therefore, the overall ISCC efficiency 

was reduced by 1.7%. Despite fuel consumption was reduced in “case A” thanks to the 

integration of solar thermal power, as shown in Figure 4.5, the result is misleading 

because the total output power decreased. 

 
Figure 4.4 Gas cycle efficiency at different integrated solar heat for case A 
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Figure 4.5 Fuel saved & ISCC output power at different integrated solar heat for 

case A 

The results obtained clearly stress that the fuel saving scheme cannot be applied to “case 

A”, as the gas cycle output power cannot be kept constant with solar power integration 

before the air compressor.  

 

4.1.1.2 Case B “After air compressor” 

In “case B”, the integrated solar thermal power heats up compressed air before being 

mixed with the added fuel in the combustion chamber, as shown in Figure 4.6. Results 

were investigated at different solar thermal power values from 1-10 MW in 2 MW 

increments, as shown in Table 4.2. 

 
Figure 4.6 Case B: solar field integrated before combustion chamber for fuel saving 
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Table 4.2 Original CC vs ISCC (case B) “Fuel saving” 

Solar heat integration 
Original 

CC 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

Integrated solar heat (MW) -- 2 4 6 8 10 

Mass flow rates 
Original 

CC 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

Air to fuel ratio 50 50.64 51.3 51.98 52.67 53.39 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 171.31 171.36 171.4 171.44 171.49 

Fuel flowrate (kg/s) 3.42 3.38 3.34 3.29 3.25 3.21 

Fuel saving (%) -- 1.25 2.49 3.74 4.98 6.23 

LP evaporator mass low rate (kg/s) 5 
HP evaporator mass low rate (kg/s) 25 

Operating temperatures 
Original 

CC 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 378 388.5 399.5 410 420.5 431 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Cycle efficiency 
Original 

CC 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

Gas turbine cycle (%) 39.84 39.84 39.84 39.84 39.85 39.85 

Combined cycle (%) 56.13 56.14 56.14 56.14 56.15 56.15 

Cycle power breakdown 
Original 

CC 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

ISCC 

Case B 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 26,292 

Total net power (kW) 90,569 

Back work ratio (%) 49.279 

Specific work per fuel unit mass 

flow (kJ/kg) 
26,439 26,677 27,116 27,467 27,828 28,198 

CO2 emissions (Mt/year) 0.2971 0.2934 0.2897 0.286 0.2822 0.2785 

CO2 emissions saved (kg 

CO2/kWh) 
- 0.0012 0.0025 0.0037 0.0051 0.0064 

The relationship between the integrated solar thermal power, the fuel flowrate and the 

combustion chamber inlet temperature is shown in Figure 4.7. The combustion chamber 

inlet temperature shows a linear increase from roughly 378 °C to 431 °C as the 

integrated solar thermal power increases from 0 to 10 MW. On the other hand, the fuel 

flowrate shows a linear reduction from roughly 3.42 kg/s to 3.21 kg/s. Accordingly, a 

higher solar contribution increases the temperature at the combustion chamber inlet, 

while lowering the system fuel dependence. This pattern highlights how solar heat 

integration can reduce emissions and operating costs, optimizing energy efficiency. 

At around 5 MW of integrated solar power, the temperature of the combustion chamber 

inlet is approximately 405°C, and the fuel flowrate is approximately 3.32 kg/s. From 

this point on, higher thermal power integration values significantly lower the amount 

of fuel required to keep the combustion chamber temperature at the optimal level.  

Overall ISCC and gas cycle efficiencies both exhibit nearly constant stability from 0 to 

10 MW of integrated solar power, as shown in Figure 4.8. ISSC efficiency increases 

slightly from 56.13% to 56.15%, while gas cycle efficiency increases from about 

39.84% to 39.85%. The specific work per fuel unit mass increased to 28.2 MJ/kg. 
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Figure 4.7 Combustion chamber inlet & fuel flowrate at different integrated solar 

heat for case B 

 
Figure 4.8 Efficiencies at different integrated solar heat for case B 

Concerning the choice of a suitable solar field, PTC could be used, but the temperature 

of stage 2g reaches 378 °C, while the output temperature of the solar heat exchanger 

(T2gnew) could reach 433 °C at 10 MW of integrated thermal power. As the operating 

temperature range of the commonly used synthetic oil “Therminol VP-1” is 290-390°C 

[189], molten salts should be used, as they have higher operating temperatures, up to 

550°C [190]. Case B, hence, is superior to the original CC; however, the heat transfer 

fluid should be altered, or a different technology with higher temperature ranges should 

be employed. Suitable options could be heliostat field collectors or Parabolic dish 

reflectors (PDRs), as presented in Table 3.3.  
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Fuel saving increases with solar power integration, as represented in Figure 4.9. 1 MW 

increase in solar power translates into about 0.62 % of fuel saved. A maximum of 6.23% 

of fuel could be saved at an integrated thermal power of 10 MW, avoiding 6.4 g/kWh 

of CO2 emissions. 

 
Figure 4.9 Fuel saved at different integrated solar heat for case B 

4.1.1.3 Case C “After combustion chamber” 

In “case C”, the solar field is integrated after the combustion chamber, where the hot 

gases are heated up by the integrated solar thermal power before entering the gas 

turbine, as shown in Figure 4.10. Similar results to “case B” were found, due to the 

fixed gas turbine operating conditions (the turbine inlet temperature is 1174ºC as in the 

original CC). However, different temperature distributions along the cycle states were 

observed. Reducing fuel consumption in the combustion chamber requires an increase 

in the temperature of state (T3gnew) before entering the chamber, as shown in Figure 

4.11. 

 
Figure 4.10 Case C: solar field integrated after combustion chamber for fuel saving 
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Figure 4.11 Combustion chamber outlet & fuel mass flowrate as a function of 

integrated solar heat for case C 

The same problem as for "case B" is faced in this configuration, with the temperature 

of stage (3g) reaching 1126 °C. This temperature is too high for PTC or most solar 

technologies, so, according to the data in Table 3.3, the heliostat field is the only 

technology that can deal properly with these high operating temperatures. In this sense, 

“Case B” outperforms “case C”, as more solar field technologies can be installed.  

Fuel mass flowrate decreased by increasing integrated solar power. The fuel rate at no 

solar heat (0 MW) was 3.42 kg/s, while with 10 MW, it was 3.21 kg/s (6.23% saving).  

4.1.2 Solar field integration at the bottom steam cycle 

When the solar field is integrated into the bottom steam cycle under the fuel saving 

strategy, the required output power from the top gas cycle is reduced so the total output 

power of the ISCC remains constant. As steam temperatures rise, there may be a 

reversal in the direction of heat transfer inside the HRSG. To avoid this problem, steam 

temperatures were monitored, and a maximum integrated solar thermal power was 

calculated for each case. The results of two integration configurations will be presented: 

a. Case D “Integration before superheater”: The integrated solar field heats the 

outlet steam from the HP drum before the superheater stage. 

b. Case E “Integration before Economizer”: The feedwater is preheated before 

entering the economizer stage. 

4.1.2.1 Case D “Integration before superheater” 

In this configuration, as shown in Figure 4.12, the solar field heats the steam from the 

HP drum before entering the superheater. As the steam temperature rises, the 

temperature distribution inside the HRSG changes. The steam turbine generates more 

power, allowing for reducing the top gas cycle power and fuel consumption. It was 

found that solar thermal power could not exceed 15 MW to prevent heat transfer 

reversal inside the HRSG. The results from “case D” configuration are collected in 

Table 4.3, where the performance was studied at solar powers of 5, 10 and 15 MW. 
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Figure 4.12 Case D: solar field integrated at superheater for fuel saving 

 

Table 4.3 Original CC vs ISCC (case D) “Fuel saving” 

Mass flowrates 
Original 

CC 

ISCC 

Case D 

ISCC 

Case D 

ISCC 

Case D 

Air to fuel ratio 50 
Turbine gas flow rate (kg/s) 174.7 172.73 170.66 168.59 

Air flowrate (kg/s) 171.28 169.35 167.32 165.28 

Fuel flowrate (kg/s) 3.42 3.38 3.34 3.3 

Fuel saving (%) -- 1.12 2.3 3.49 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

CC 

ISCC 

Case D 

ISCC 

Case D 

ISCC 

Case D 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 378 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Solar heat integration 
Original 

CC 

ISCC 

Case D 

ISCC 

Case D 

ISCC 

Case D 

Integrated solar heat (MW) -- 5 10 15 

Cycle efficiency 
Original 

CC 

ISCC 

Case D 

ISCC 

Case D 

ISCC 

Case D 

Gas turbine cycle (%) 39.84 39.84 39.84 39.84 

Combined cycle (%) 56.13 55.05 54.03 53.06 

Cycle power breakdown 
Original 

CC 

ISCC 

Case D 

ISCC 

Case D 

ISCC 

Case D 

Compressor (kW) 62,450 61,749 61,009 60,266 

Gas turbine (kW) 126,727 125,303 123,802 122,294 

Gas cycle (kW) 64,277 63,555 62,793 62,028 

Steam cycle (kW) 26,292 27,016 27,777 28,542 

Total net power (kW) 90,569 90,569 90,569 90,569 

Back work ratio (%) 49.279 
Specific work per unit fuel mass (kJ/kg) 26,439 26,741 27,065 27,399 

CO2 emissions (Mt/year) 0.2971 0.2937 0.2902 0.2867 

CO2 emissions saved (kg CO2/kWh) -- 0.0011 0.0023 0.0035 
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Fuel flowrate was reduced from 3.42 kg/s to 3.3 kg/s, saving 3.49% of the initial fuel 

consumption. Overall ISCC efficiency is around 3% less than for the original CC. Due 

to the fuel saving strategy, a large amount of solar heat power is integrated leaving the 

ISCC overall output power unaffected. On the other hand, the top gas cycle efficiency 

was not affected as solar integration was performed into the bottom steam cycle. As a 

result, the specific work per fuel unit mass increased from 26.4 MJ/kg to 27.4 MJ/kg, 

saving around 3.5 g/kWh of CO2 emissions. Based on the operating temperature ranges, 

PTC with molten salts, parabolic dish reflectors or heliostat field collectors could be 

used, as temperature of stage (7new) would reach 480 °C at 15 MW of integrated solar 

power. 

Figure 4.13 shows that at 0 MW, the fuel flowrate was about 3.42 kg/s, while, at 15 

MW, it dropped to about 3.3 kg/s saving 3.49% of fuel. It can be observed that with the 

integration of solar power, the system uses less fuel, increasing fuel efficiency. 

According to the data in Table 4.3, “case D” yields potential benefits. 

 

 

Figure 4.13 Fuel saved at different integrated solar heat for case D 

According to the temperature distribution inside the HRSG, the system could integrate 

up to 15 MW of solar thermal power in “case D”. Integration of the solar field before 

the superheater stage heats saturated steam, as shown in the T-Q diagram in Figure 

4.14, which corresponds to 15 MW integrated solar thermal power. The graph shows 

how the temperature of the steam (blue) and flue gas (orange) varies as they pass 

through the superheater, evaporator, and economizer sections of the HRSG.  

The flue gas cools down to around 210 °C at the economizer outlet after entering the 

HRSG at around 549 °C. Simultaneously, feedwater is gradually heated from the 

economizer on. In the evaporator, it reaches saturation and is converted into steam. 

After that, steam is heated to around 550°C in the superheater before entering the 

turbine. The critical variable is saturation temperature, which marks the liquid-to-steam 

phase change.  
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Figure 4.14 T-Q diagram for case D “Fuel saving” at Qsolar = 15 MW 

The problem of reverse heat transfer inside the HRSG is crucial, as when the integrated 

solar thermal power exceeds a maximum limit, steam will begin to heat the flue gases 

and thermal energy will be lost in the exhaust gases from the HRSG. Figure 4.15 shows 

the reverse heat transfer problem inside when solar power is higher than 15 MW. 

 
Figure 4.15 T-Q diagram for case D “Fuel saving” at Qsolar = 20 MW 

4.1.2.2 Case E “Integration before economizer” 

The solar field can be integrated before the steam cycle economizer to preheat the 

feedwater, as seen in Figure 4.16. Solar integration into the bottom cycle will increase 

the steam turbine output power and the temperature distribution along the HRSG will 

change, balancing the loss of power in the gas turbine due to the reduction in fuel 

consumption. It was found that integrated solar thermal power should not exceed 3 MW 

to avoid heat transfer reversal in the HRSG. Table 4.4 collects the results for "case E" 

at integrated solar power  values of 1, 2 and 3 MW. 
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Figure 4.16 Case E: solar field integrated at economizer for fuel saving 

Table 4.4 Original CC vs ISCC (case E) “Fuel saving” 

Mass flowrates 
Original 

CC 

ISCC 

Case E 

ISCC 

Case E 

ISCC 

Case E 

Air to fuel ratio 50 
Turbine gas flowrate (kg/s) 174.7 169.74 165.25 160.77 

Air flowrate (kg/s) 171.2 166.41 162.01 157.61 

Fuel flowrate (kg/s) 3.42 3.33 3.24 3.15 

Fuel saving (%) -- 2.84 5.4 7.97 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

CC 

ISCC 

Case E 

ISCC 

Case E 

ISCC 

Case E 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Solar heat integration 
Original 

CC 

ISCC 

Case E 

ISCC 

Case E 

ISCC 

Case E 

Integrated solar heat (MW) -- 1 2 3 

Cycle efficiency 
Original 

CC 

ISCC 

Case E 

ISCC 

Case E 

ISCC 

Case E 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 56.13 57.41 58.57 59.79 

Cycle power breakdown 
Original 

CC 

ISCC 

Case E 

ISCC 

Case E 

ISCC 

Case E 

Compressor (kW) 62,450 60,677 59,074 57,471 

Gas turbine (kW) 126,727 123,128 119,875 116,622 

Gas cycle (kW) 64,277 62,452 60,802 59,152 

Steam cycle (kW) 26,292 28,117 29,767 31,417 

Total net power (kW) 90,569 

Back work ratio (%) 49.279 

Specific work per unit fuel mass (kJ/kg) 26,439 27,212 27,951 28,730 

CO2 emissions (Mt/year) 0.2971 0.2886 0.281 0.2734 

CO2 emissions saved (kg CO2/kWh) -- 0.0028 0.0055 0.0083 
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Fuel saving at 3 MW of integrated solar power was 7.97%. Flowrates of gases, fuel, 

and air have changed, while thermodynamic states at the top gas cycle have remained 

constant. In “case E”, ISCC efficiency rose from 56.13% to 59.79%. This configuration 

could avoid 8.3 g CO2/kWh and generate 28.7 MJ per kg of fuel. However, compared 

to cases A, B, C and D, it could only integrate 3 MW of solar power. PTC could be a 

good choice for the solar technology, due to the low temperatures of stage (3new). 

Fuel saving operation reduced fuel consumption while keeping the total output power 

of the ISCC constant at 90.5 MW. The decrease in the power output of the gas cycle, 

from 64.2 to 59.1 MW, was balanced by the increase in the power output of the steam 

cycle from 26.2 to 31.4 MW as solar power increased from 0 to 3 MW.  

 
Figure 4.17 Gas & steam cycles output power at different integrated solar heat for 

case E 

The integrated solar thermal power shifted the temperatures inside the HRSG upwards, 

modifying gas and steam flowrates. Figure 4.18 stresses the importance of controlling 

integrated solar power. For “case E”, at 3.5 MW solar power, an overlap between gas 

and steam temperatures hints at the reversal of heat transfer inside the HRSG. 

 
Figure 4.18 T-Q diagram for case E “Fuel saving” at Qsolar = 3.5 MW 
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Figure 4.19 presents the T-Q diagram inside the HRSG for cases D and E, where the 

effect of the integration position of the solar field may be observed.  

 
Figure 4.19 T-Q diagram for cases D & E “Fuel saving”  

Finally, Figure 4.20 shows the better performance of of “case E” over “case D”. For 3 

MW of integrated solar heat, fuel saving is 7.97% and 0.65% respectively. For “case 

D”. at 15 MW, fuel saving is only 3.49%. Energy efficiency of “case” E” is 59.79% 

while for “case D” it is only 53.06% at 15 MW of integrated solar thermal power.   

 

Figure 4.20 Fuel saved at different integrated solar heat for cases D & E 

4.1.3 Fuel saving options summary 

Fuel saving for cases B, C, D & E (“case A” is excluded from the comparison because 

it is not applicable to fuel saving strategy) are shown in Figure 4.21. The highest fuel 

savings could be achieved in “case E”, 7.97%. Regarding the overall ISCC efficiency, 

as shown in Figure 4.2.., “case E” represents also the highest energy efficiency with 
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59.79% at 3 MW of integrated solar thermal power, while “case D” showed the lowest 

energy efficiency with 53.06% at 15 MW. “Cases B & C” shows no change in the 

original overall efficiency. 

 
Figure 4.21 Fuel saved at different integrated solar heat integrated for cases B, C, 

D & E 

 
Figure 4.22 Overall efficiency at different integrated solar heat for cases B,C,D&E 

Based on the results discussed, a summary for fuel saving configurations is provided: 

- “Case A: before compressor”: solar integration before the compressor 

increases compression work, reducing overall output power. It cannot be used 

for fuel saving. 

- “Case B: after compressor”: it is a viable option of solar integration, fuel 

saving could reach 6.23% at integrated solar heat of 10 MW. For the selection 

of the solar field, the optimum choice is either to use HTFs with high operating 

temperatures for the PTC, such molten salts, or to use heliostat fields or 

parabolic dish reflectors. 

- “Case C: after combustion chamber”: it is also a viable option. Due to the 
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B”, but the temperature values obtained at different cycle states changed. 

Compared to “case B”, “case C” underperformed “case B” since solar field 

technology that should be utilized would be very challenging at the high 

operating temperature. 

- “Case D: at superheater”: considered a good option of solar field integration 

with a limit of 15 MW of solar heat. Fuel saving reaches a maximum of 3.49% 

with overall ISCC efficiency of 53.06%. 

- “Case E: at economizer”: it is the best option for fuel saving, where the fuel 

saved could be 7.97% at integrated solar heat of only 3 MW with an overall 

ISCC efficiency of 59.79%. It has the best environmental impact, with 8.3 g 

CO2/kWh that may be avoided. 

4.2 Power boosting  

The power boosting strategy increases the plant output power thanks to the solar field 

while consuming fuel at the same rate. The same five integration positions studied for 

the fuel saving mode were studied for the power boosting mode, as shown in Figure 

4.23. Cases F, G and H represent the gas cycle integration options, while cases I and J 

are the steam cycle integration schemes.  

 

Figure 4.23 Solar field integration options for power boosting 

The power boosting strategy for solar thermal power integration into the bottom steam 

cycle may be performed by flowrate boosting or parameter boosting. Both power 

boosting operating schemes will be studied for the two steam cycle integration 

positions, allowing to identify the optimum scenario for operating the ISCC. 

4.2.1 Solar field integration at the top gas cycle 

a. Case F “Before air compressor”: ambient air is heated by solar field before 

entering the compressor. 

b. Case G “After compressor / Before combustion chamber”: compressed air 

is heated before entering the combustion chamber. 

c. Case H “After combustion chamber / Before gas turbine”: combustion 

chamber hot gases are heated up before entering the gas turbine.  
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4.2.1.1 Case F “Before air compressor” 

In “case F”, the solar field heats up the ambient air before entering the air compressor, 

as shown in Figure 4.24. Different integrated solar power values, 1, 2, 3, 4 and 5 MW 

were analyzed, as shown in Table 4.5. 

 
Figure 4.24 Case F: solar field integrated before air compressor for power boosting 

Table 4.5 Original CC vs ISCC (case F) “Power boosting” 

Mass flowrates 
Original 

CC 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

Air to fuel ratio 50 50.71 51.43 52.14 52.85 53.57 

Turbine gas flowrate (kg/s) 174.7 177.14 179.59 182.03 184.48 186.93 

Air flowrate (kg/s) 171.27 173.72 176.16 178.61 181.05 183.5 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

CC 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

Compressor inlet (°C) 24 30 35 41 46 51 

Combustion chamber inlet (°C) 378 391 402 414 425 435.5 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Solar heat integration 
Original 

CC 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

Integrated solar heat (MW) -- 1 2 3 4 5 

Cycle efficiency 
Original 

CC 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

Gas turbine cycle (%) 39.84 39.38 38.93 38.48 38.04 37.6 

Combined cycle (%) 56.13 55.58 55.03 54.49 53.96 53.43 

Cycle power breakdown 
Original 

CC 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

ISCC 

Case F 

Compressor (kW) 62,450 64,569 66,688 68,806 70,925 73,044 

Gas turbine (kW) 126,727 128,501 130,275 132,049 133,823 135,597 

Gas cycle (kW) 64,277 63,932 63,588 63,243 62,899 62,553 

Steam cycle (kW) 26,292 26,301 26,308 26,314 26,320 26,328 

Total net power (kW) 90,569 90,023 89,895 89,557 89,219 88,883 

Power boosted (%) -- -0.37 -0.74 -1.11 -1.49 -1.86 

Back work ratio (%) 49.28 50.24 51.19 52.1 53 53.86 

Specific work per unit fuel mass 

(kJ/kg) 
26,439 26,342 26,243 26,144 26,045 25,947 
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The results from Table 4.5 show that integrating a solar field to heat the ambient air 

before compression increases the compressor power. Air and gas flowrates increase as 

solar thermal power is being integrated to boost power generation. The gas turbine 

output power increases as well with solar power integrated, as shown in Figure 4.25, 

but the overall output power of the gas cycle will decrease because the increase in the 

compressor power is higher. On the other hand, the steam cycle output power increased 

as the exhaust flowrate increased. However, the ISCC output power because the loss of 

power in the gas cycle could not be balanced by the increase in the steam cycle power. 

Compressor power increased from 62.4 to 73 MW and gas turbine power increased 

from 126.7 to 135.59 MW when the integrated solar thermal power increased from 0 to 

5 MW. Consequently, the gas cycle output power decreased from 64.2 to 62.5 MW as 

solar power increased from 0 to 5 MW.  

 
Figure 4.25 Compressor, gas turbine and gas cycle power output at different 

integrated solar heat for case F 

The gas cycle and ISCC efficiency values decreased by 2.24% and 27% respectively as 

the integrated solar thermal power increased from 0 to 5 MW, as shown in Figure 4.26. 
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Figure 4.26 Gas cycle & ISCC overall efficiencies at different integrated solar 

heat for case F 

Overall output power decreased linearly with integrated solar power, proving that it is 

not possible to boost power with this configuration. Figure 4.27 shows this relationship, 

where output power decreased by 1.86% at 5 MW of integrated solar power. 

 
Figure 4.27 Power boosted at different integrated solar heat integrated for case F 

4.2.1.2 Case G “After air compressor” 

When the solar field is integrated after the air compressor (before the combustion 

chamber), as shown in Figure 4.28, compressed air is heated up by the integrated solar 

power added to the cycle. The preheated compressed air is then mixed with fuel and 

burns in the combustion chamber to generate hot gases to power the gas turbine.  

 
Figure 4.28 Case G: solar field integrated after air compressor for power boosting 
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combustion chamber inlet temperature from 378 to 430ºC was found as integrated solar 

heat rose from 0 to 10 MW.  

Table 4.6 Original CC vs ISCC (case G) “Power boosting”  

Mass flowrates 
Original 

CC 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

Air to fuel ratio 50 50.64 51.28 51.92 52.56 53.2 

Turbine gas flowrate (kg/s) 174.7 176.89 179.09 181.29 183.48 185.68 

Air flowrate (kg/s) 171.27 173.47 175.66 177.86 180.06 182.25 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

CC 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 378 389.5 400 410.5 420.5 430 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Solar heat integration 
Original 

CC 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

Integrated solar heat (MW) -- 2 4 6 8 10 

Cycle efficiency 
Original 

CC 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

Gas turbine cycle (%) 39.84 39.83 39.83 39.83 39.83 39.83 

Combined cycle (%) 56.13 55.94 55.74 55.55 55.37 55.19 

Cycle power breakdown 
Original 

CC 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

ISCC 

Case G 

Compressor (kW) 62,450 63,251 64,052 64,853 65,654 66,455 

Gas turbine (kW) 126,727 128,320 129,913 131,507 133,100 134,693 

Gas cycle (kW) 64,277 65,069 65,862 66,654 67,447 68,239 

Steam cycle (kW) 26,292 26,300 26,306 26,312 26,318 26,323 

Total net power (kW) 90,569 91,370 92,168 92,966 93,764 94,562 

Power boosted (%) -- 0.88 1.76 2.64 3.53 4.41 

Back work ratio (%) 49.279 49.291 49.303 49.315 49.326 49.33 

Specific work per unit fuel mass 

(kJ/kg) 
26,439 26,673 26,907 27,139 27,372 27,605 

Consequently, overall ISSC power increased from 90.5 MW to 94.5 MW at 10 MW of 

integrated solar heat, as shown in Figure 4.29. 
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Figure 4.29 Combustion chamber inlet & ISCC output power at different 

integrated solar heat for case G 

In “case G”, output power could be boosted by 4 MW (a 4.41% increase) by integrating 

10 MW of solar thermal power, as shown in Figure 4.30.  

 

Figure 4.30 Power boosted at different integrated solar heat for case G 

Regarding energy efficiency, gas cycle and overall ISCC efficiencies experienced very 

little change, with the gas cycle efficiency almost constant. Overall ISCC efficiency 

dropped 0.94%, as depicted in Figure 4.31. With the same fuel consumption, specific 

work per fuel unit mass increased to 27.6 MJ/kg, as shown in Table 4.6. However, the 

back work ratio increased slightly to 49.33%, due to the higher air-fuel ratio. 

 

Figure 4.31 Gas cycle & ISCC efficiencies (%) at different integrated solar heat 

for case G  
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such as Parabolic dish reflectors (PDR) or Heliostat field collectors could be used as 

well. 

 

4.2.1.3 Case H “After combustion chamber” 

In this integration option, the solar field is integrated in the gas cycle after the 

combustion chamber stage (before the gas turbine), as shown in Figure 4.32. Hot gases 

mixed with fuel and burnt in the combustion chamber pass through the solar collector 

to be heated before entering the gas turbine. 

 

Figure 4.32 Case H: Solar field integrated after combustion chamber for power 

boosting 

Since operating conditions at the gas turbine inlet and outlet are kept constant, similar 

results as “case G” were obtained. However, different temperatures for the intermediate 

states were observed. The integrated solar thermal power before the gas turbine reduced 

the temperature of state (3gnew) by increasing the hot gases flowrate, in order to keep 

the inlet conditions of the turbine constant. The combustion chamber outlet temperature 

(T3gnew) and hot exhaust gases flowrate as a function of the integrated solar power are 

presented in Figure 4.33. 
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Figure 4.33 Solar HX inlet & exhaust gases flowrate at different integrated solar 

heat for case H 

The combustion chamber outlet temperature (T3gnew) falls linearly from 1174°C to 

1129°C as the integrated solar thermal power increases from 0 to 10 MW. On the other, 

the exhaust gases mass flowrate increases linearly from 174.7 kg/s to 185.7 kg/s, 

indicating a direct link. In this configuration, operating temperatures at state (3gnew) are 

1174-1129°C, only heliostat technology could be used. 

 

4.2.2 Solar field integration at the bottom steam cycle 

Solar power might be incorporated into the bottom steam cycle, leaving the top Brayton 

cycle unaffected. The operating fluid (water/steam) mass flowrate and thermodynamic 

states increase thanks to the integrated solar power, boosting the steam cycle output 

power and consequently the ISCC overall output power. Power boosting operating 

strategies were examined for the integration positions at the steam cycle (before the 

superheater and before the economizer). 

 

4.2.2.1 Flowrate boosting mode 

Operating conditions of the bottom steam cycle were kept constant while the flowrate 

of steam was increased. 
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Figure 4.34 Case I: solar field integrated at superheater for power boosting 

The results of “case I: flowrate” are discussed based on an integrated solar heat of 4 

MW, the maximum amount of thermal solar power that could be integrated before the 

superheater stage without causing heat transfer reversal inside the HRSG. The 

temperature evolution within the HRSG is presented in Figure 4.35.  

As collected in Table 4.7, the steam flowrate increased by 20.8 kg/s over the original 

value at an integrated solar thermal power of 4 MW, reaching 45.8 kg/s. The LP 

flowrate also increases by 4.17 kg/s reaching 9.17 kg/s, as shown in Figure 4.37. This 

increase is a consequence of integrating solar thermal power without changing the 

thermodynamic states of the cycle.  

Table 4.7 Original CC vs ISCC (case I) “Flowrate boosting” 

Mass flowrates 
Original 

CC 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

Air to fuel ratio 50 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 5.79 6.72 7.83 9.17 

HP evaporator mass flowrate (kg/s) 25 28.97 33.62 39.15 45.84 

Operating temperatures 
Original 

CC 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 457 444 432.5 423.5 416.5 

Pinch temperature (°C) 17.5 17.3 17.2 17.2 17.3 

Economizer outlet temperature (°C) 228 218 209.5 201 192.5 

Approach temperature (°C) 28 36.5 45 54 62 

Operating pressures 
Original 

CC 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

Inlet steam pressure (bar) 43 

LP evaporator pressure (bar) 2.4 

Condenser pressure (bar) 0.08 
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Solar heat integration 
Original 

CC 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

Integrated solar heat (MW) -- 1 2 3 4 

Cycle efficiency 
Original 

CC 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 56.13 58.36 61 64.17 68.03 

Cycle power breakdown 
Original 

CC 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

ISCC 

Case I 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 29,292 30,469 35,364 41,183 48,214 

Total net power (kW) 90,569 94,746 99,641 105,459 112,491 

Power boosted (%) -- 4.61 10.01 16.44 24.2 

Back work ratio (%) 49.279 

Specific work per unit fuel mass 

(kJ/kg) 
26,439 27,659 29,088 30,787 32,840 

In this configuration, it was found that the ISCC boosted power as directly proportional 

to the integrated solar thermal power, with overall output power increasing from 90.5 

to 112.5 MW (~24.2% power boosting) as the integrated solar power increased from 0 

to 4 MW, as shown in Figure 4.36. 

Although the gas cycle output power and energy efficiency were constant, the ISCC 

energy efficiency increased by 11.9% with respect to the original CC. A total work of 

32.8 MJ per unit fuel mass was found, 6.4 MJ higher than for the original CC, as 

depicted in Figure 4.38. State (7new) reached a temperature slightly over 300°C, PTC 

with synthetic oil as HTF would be a suitable selection for the solar field technology. 

 

 

Figure 4.35 T-Q diagram for case I “Flowrate boosting” at Qsolar = 4 MW 
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Figure 4.36 Flowrate power boosted at different integrated solar heat for case I 

 
Figure 4.37 Mass flowrates at different integrated solar heat for case I: Flowrate 

 

Figure 4.38 Specific work per unit fuel mass at different integrated solar heat for 

case I: Flowrate 
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b) Case J “Integration at economizer” 

In “case J”, the solar field was integrated into the bottom steam cycle before the 

economizer stage to preheat feedwater temperature, as shown in Figure 4.39.  

 

Figure 4.39 Case J: solar field integrated at economizer for power boosting 

It was found that the maximum possible integrated solar thermal power should not 

exceed 12 MW to avoid heat transfer reversal inside the HRSG. The temperature 

evolution inside the HRSG is shown in Figure 4.40. As the solar power is integrated 

into the economizer stage, water and gas lines are brought closer. Table 4.8 displays 

the results for this configuration for integrated solar power values from 0 to 12 MW in 

3 MW increments. 

 

 
Figure 4.40 T-Q diagram for case J “Flowrate boosting” at Qsolar = 12 MW 
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Table 4.8 Original CC vs ISCC (case J) “Flowrate boosting” 

Mass flowrates 
Original 

CC 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

Air to fuel ratio (kg/s) 50 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 5.38 5.77 6.16 6.54 

JHP evaporator mass flowrate (kg/s) 25 26.93 28.86 30.79 32.72 

Operating temperatures 
Original 

CC 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 457 477.5 439 430.5 423 

Pinch temperature (°C) 17.5 17.3 17.5 17 16.8 

Economizer outlet temperature (°C) 228 231 237 245 254.5 

Approach temperature (°C) 28 23.69 17.5 9.5 0.5 

Operating pressures 
Original 

CC 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

Inlet steam pressure (bar) 43 

LP evaporator pressure (bar) 2.4 

Condenser pressure (bar) 0.08 

Solar heat integration 
Original 

CC 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

Integrated solar heat (MW) -- 3 6 9 12 

Cycle efficiency 
Original 

CC 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 56.13 56.34 56.55 56.74 56.93 

Cycle power breakdown 
Original 

CC 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

ISCC 

Case J 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 26,292 28,322 30,352 32,382 34,412 

Total net power (kW) 90,569 92,599 94,629 96,659 98,689 

Power boosted (%) -- 2.24 4.48 6.72 8.96 

Back work ratio (%) 49.279 

Specific work per unit fuel mass 

(kJ/kg) 
26,439 27,032 27,625 28,218 28,810 

The overall output increased from 90.5 to 98.6 MW (8.96% boost) when solar heat 

increased from 0 to 12 MW, as shown in Figure 4.41. 

At 12 MW of integrated solar power, the HP steam flowrate increased from 25 to 32.7 

kg/s, while the LP flowrate increased from 5 to 6.5 kg/s, as shown in Figure 4.42. Both 

flowrates showed this increasing trend with the addition of solar power. Compared to 

the original CC, the ISCC total energy efficiency was improved by 0.8%. The specific 

work per unit fuel mass of 28.81 MJ per fuel unit mass, or 2.37 MJ greater than the 

original CC as shown in Figure 4.43. Selecting the solar field technology is much easier 

by integrating the solar field at low temperature stages (economizers) rather than to 

high temperature stages. In this instance, PTCs would match the low operating 

temperature range. 
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Figure 4.41 Flowrate power boosted at different integrated solar heat for case J 

 
Figure 4.42 Mass flowrates at different integrated solar heat for case J: Flowrate 

 

Figure 4.43 Specific work per unit fuel mass at different integrated solar heat for 

case J: Flowrate 
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In Figure 4.44, the power boosted by flowrate for the steam cycle integration 

configurations is presented as a function of the integrated solar thermal power. Despite 

the limitation for the integrated solar thermal power of 4 MW and 12 MW for case I 

and J respectively, case I can almost provide a 24.2% boost, almost three times the 

8.96% boost of case J. 

 

Figure 4.44 Flowrate power boosted for steam cycle integration configurations 

4.2.2.2 Parameter boosting mode 

The parameter boosting operating mode keeps steam flowrate constant while increasing 

its thermodynamic properties (temperature, pressure, etc.) when solar thermal power is 

available. The top Brayton cycle remains unaffected. 

a) Case I “Integration at superheater” 

Considering the same configuration of Figure 4.34, solar thermal power is integrated 

before the superheater. A range of operating pressure values from -50% to +50% of the 

original value in 10% increments were studied. The results are presented in Tables 4.9 

and 4.10.  

The maximum allowable integrated solar thermal power varies from case to another, 

increasing with the working pressure. The maximum limit is 9 MW of integrated solar 

thermal power at +50% of the original pressure, while the minimum is 7 MW at -50% 

of the pressure. Therefore, a value of 7 MW was selected to compare the results of the 

performance of all scenarios studied. The integration of solar power can increase power 

by itself independently of the operating pressure, but, as shown in Figure 4.45, the cases 

in which the working pressure was reduced are superior to the cases where the the 

working pressure was increased. Power was boosted by 2.82% for the -50% case, 

compared to a value of 1.37% for the +50% case. In all cases, PTC solar filed 

technology with synthetic oil can match the solar heat exchanger required temperatures. 
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Table 4.9 ISCC vs Parameter boosting “case I” (+10%,+20%,+30%,+40% & 

+50%) 

Mass flowrates 
Original 

ISCC 

ISCC “case I” (Superheater) 

+10% +20% +30% +40% +50% 

Air to fuel ratio 50 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 491 491 490.5 490.5 490 489.5 

Pinch temperature (°C) 19.3 19 18.5 18.2 17.9 17.5 

Economizer outlet temperature (°C) 228 232.5 237 241 244.5 48 

Approach temperature (°C) 26.5 27.5 29 30 31 32 

Operating pressures 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Inlet steam pressure (bar) 2.4 2.64 2.88 3.12 3.36 3.6 

LP evaporator pressure (bar) 43 47.3 51.6 55.9 60.2 64.5 

Condenser pressure (bar) 0.08 

Solar heat integration 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Integrated solar heat (MW) 7 

Cycle efficiency 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 54.97 54.89 54.81 54.72 54.63 54.54 

Cycle power breakdown 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 28,265 28,128 27,987 27,843 27,694 27,539 

Total net power (kW) 92,542 92,405 92,264 92,120 91,971 91,816 

Power boosted (%) 2.18 2.02 1.87 1.71 1.55 1.37 

Back work ratio (%) 49.279 

Specific work per unit fuel mass (kJ/kg) 27,016 26,976 26,935 26,892 26,849 26,804 

 

The results showed that an increase in the integrated solar thermal power at the 

superheater stage causes a noticeable increase in the turbine inlet steam temperature 

(7new), increase thus the steam cycle output power.  

It was observed that increasing the operating pressure caused the steam turbine inlet 

temperature to drop, reducing the output power of the steam cycle. The studied schemes 

exhibit variations in the ISCC overall efficiency, with the highest being 55.32% (-50% 

operating pressure case) and the lowest being 54.54% (+50% operating pressure case), 

as shown in Figure 4.46. 
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Table 4.10 ISCC vs Parameter boosting “case I” (-10%,-20%,-30%,-40% & -50%) 

Mass flowrates 
Original  

ISCC 

ISCC “case I” (Superheater) 

-10% -20% -30% -40% -50% 

Air to fuel ratio 50 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 491 491 491 491 491 490.5 

Pinch temperature (°C) 19.3 19.7 20 20.5 21 21.5 

Economizer outlet temperature (°C) 228 223 218 212 205 197.5 

Approach temperature (°C) 26.5 25 23.5 22 20.5 18.5 

Operating pressures 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Inlet steam pressure (bar) 43 38.7 34.4 30.1 25.8 21.5 

LP evaporator pressure (bar) 2.4 2.16 1.92 1.68 1.44 1.2 

Condenser pressure (bar) 0.08 

Solar heat integration 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Integrated solar heat (MW) 7 

Cycle efficiency 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 54.97 55.05 55.12 55.19 55.26 55.32 

Cycle power breakdown 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 28,265 28,396 28,521 28,640 28,750 28,849 

Total net power (kW) 92,542 92,673 92,798 92,917 93,027 93,126 

Power boosted (%) 2.18 2.32 2.46 2.59 2.71 2.82 

Back work ratio (%) 49.279 

Specific work per unit fuel mass (kJ/kg) 27,016 27,054 27,091 27,125 27,157 27,186 

 

Since the maximum power boosting is reached for the -50% operating pressure case, 

values of power boosting were presented for different integrated solar thermal power 

values at this operating pressure in Figure 4.47. At no solar heat, total output power 

already increased by 0.78 MW (0.86%), while, at 7 MW, of integrated solar heat, it rose 

by a maximum of 2.5 MW (2.82%). The temperature distribution in the HRSG at a 

solar power integration of 7 MW for -50% operating pressure case is shown in Figure 

4.48. The output power and the cycle efficiency show remarkable increase thanks to the 

upward shift in the steam temperatures distribution as a result of the integrated solar 

thermal power. 
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Figure 4.45 Parameter power boosted at different pressure levels for case I 

 

Figure 4.46 ISCC efficiency at different pressure levels for case I 

 

Figure 4.47 Parameter power boosted at different integrated solar heat for case 

C:-50% 
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Figure 4.48 T-Q diagram for case I (-50%)“Parameter boosting” at Qsolar = 7MW 

 

b) Case J “Integration at economizer” 

The feedwater was heated by the integrated solar thermal power before entering the 

economizer, as shown in Figure 4.39. Several operating pressure values have been 

studied, from -50% to +50% of the original operating pressure at 10% intervals. The 

solar thermal power that could be integrated increases with operating pressure, passing 

from 1.5 MW at -50% pressure to 2 MW at +50%. Therefore, to compare all pressure 

conditions, a value of 1.5 MW integrated solar power was selected. Tables 4.11 and 

4.12 collect the results obtained. Figure 4.49 shows the boosted power as a function of 

operating pressure, passing from 4.92% (4.45 MW) at -50% operating pressure to 

4.35% (3.94 MW) at +50% operating pressure. In this case, it was possible to find a 

maximum at -30% operating pressure, boosting power by 5.01% (+4.53 MW). 

 
Figure 4.49 Parameter power boosted at different pressure levels for case J 
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Table 4.11 ISCC vs Parameter boosting “case J” (+10%,+20%,+30%,+40% & +50%) 

Mass flowrates 
Original 

ISCC 

ISCC “case J” (Economizer) 

+10% +20% +30% +40% +50% 

Air to fuel ratio 50 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator (kg/s) 5 

HP evaporator kg/s) 25 

Operating temperatures 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 534 534.5 535 535 535 534.5 

Pinch temperature (°C) 15 15 14.5 14 13.5 13.5 

Economizer outlet temperature (°C) 229 233 236 239.5 242 245 

Approach temperature (°C) 25.5 27.5 29.5 31.5 33.5 35 

Operating pressures 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Inlet steam (bar) 43 47.3 51.6 55.9 60.2 64.5 

LP evaporator (bar) 2.4 2.64 2.88 3.12 3.36 3.6 

Condenser (bar) 0.08 

Solar heat integration 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Solar heat (MW) 1.5 

Cycle efficiency 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 58.34 58.3 58.24 58.18 58.11 58.04 

Cycle power breakdown 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 30,733 30,660 30,573 30,472 30,360 30,237 

Total net power (kW) 95,010 94,937 94,850 94,749 94,637 94,514 

Power boosted (%) 4.9 4.82 4.72 4.61 4.49 4.35 

Back work ratio (%) 49.279 

Specific work per unit fuel mass  

(kJ/kg) 
27,736 27,715 27,689 27,660 27,627 27,591 

 

The ISCC overall efficiency also changed with operating pressure, as shown in Figure 

4.50. It may be observed that, from a value of 58.35% for the lowest operating pressure 

(-50%), it drops to 58.04% for the highest operating pressure (+50). Again, there is a 

maximum efficiency of 58.04% at the optimum operating pressure (-30%). Thanks to 

the relatively low steam operating temperatures, PTCs would be a suitable choice for 

the solar field technology when it is integrated before the economizer stage. 
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Figure 4.50 ISCC efficiency at different pressure levels for “case J” 

Table 4.12 ISCC vs Parameter boosting “case J” (-10%,-20%,-30%,-40% & -50%) 

Mass flowrates 
Original 

ISCC 

ISCC “case J” (Economizer) 

-10% -20% -30% -40% -50% 

Air to fuel ratio 50 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator (kg/s) 5 

HP evaporator kg/s) 25 

Operating temperatures 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 534 533 532 530 527.5 524.5 

Pinch temperature (°C) 15 15.5 16 16.5 17.5 18 

Economizer outlet temperature (°C) 229 225 221 216 211 205 

Approach temperature (°C) 25.5 23 20.5 18 14.5 11 

Operating pressures 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Inlet steam (bar) 43 38.7 34.4 30.1 25.8 21.5 

LP evaporator (bar) 2.4 2.16 1.92 1.68 1.44 1.2 

Condenser (bar) 0.08 

Solar heat integration 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Solar heat (MW) 1.5 

Cycle efficiency 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 58.34 58.38 58.4 58.4 58.39 58.35 

Cycle power breakdown 
Original 

ISCC 
-10% -20% -30% -40% -50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 30,733 30,788 30,823 30,833 30,811 30,746 

Total net power (kW) 95,010 95,065 95,100 95,110 95,088 95,023 

Power boosted (%) 4.9 4.96 5 5.01 4.98 4.92 

Specific work per unit fuel mass (kJ/kg) 27,736 27,752 27,762 27,765 27,759 27,740 
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Focusing on the results for the best-case scenario (-30% operating pressure), Figure 

4.51 shows the power boosted as a function of the different integrated solar thermal 

power. Just reducing the pressure to 70% of the original value already increases output 

power by 0.04% (41 kW), but when 1.5 MW of solar thermal power is integrated, power 

can be boosted by 5.01% (4.54 MW). Figure 4.52 displays the temperature distribution 

inside the HRSG in that case, where it may be observed that the pressure reduction 

leads to a lower saturation temperature, leading the steam cycle to extract more heat 

from the exhaust gases before they leave the HRSG. 

 
Figure 4.51 Parameter power boosted at different integrated solar heat for “case 

J:-30%” 

 

Figure 4.52 T-Q diagram for case J (-30%) “Parameter boosting” at Qsolar = 1.5 

MW 

In addition, the reduction of saturation pressure may translate into a higher steam 

quality at the turbine outlet for the same steam inlet temperature. 
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4.2.3 Power boosting options summary 

To summarize the results from the power boosting operating schemes: 

- Case F: before compressor 

It was impossible to apply power boosting operation, as preheating ambient air 

before entering the compressor increased compression work. Despite the 

increase in the gas turbine power, the overall gas cycle output power decreased, 

obtaining the opposite effect that was sought. 

- Case G: after compressor  

It is a reliable option for power boosting, allowing a boost of 4.41% (4 MW) at 

an integrated solar power of 10 MW. Specific work per fuel unit mass increased 

to 27.6 MJ/kg (a 1.16 MJ/kg increase). Since the solar heat exchanger maximum 

temperature was 430 °C at 10 MW of integrated solar thermal power, it allows 

using PTC with molten salts as solar field technology, PDR or heliostat field 

collectors. 

- Case H: after combustion chamber 

Similar results as for case G were found, due to the fixed gas turbine operating 

conditions. However, in this case, the maximum temperature of the solar heat 

exchanger would be 1129.5 °C, so only heliostat field technology could be used. 

Hence, this option is not the optimum one for power boosting. 

- Case I (flowrate): at superheater 

The maximum amount of solar heat that could be integrated at this position is 4 

MW. Power could be boosted by 24.2% (21.92 MW), with an overall efficiency 

of 68.03%. This option showed the best results, with 32.84 MJ/kg specific work 

per fuel unit mass (a 6.4 MJ/kg increase). 

- Case J (Flowrate): at economizer 

In this case, up to 12 MW solar power could be integrated into the cycle. Power 

could be boosted by 8.96% (8.12 MW), with an overall cycle efficiency of 

56.94%. It is a suitable option, allowing the specific work per fuel unit mass to 

increase by 2.37 MJ/kg to reach 28.81 MJ/kg. 

- Case I (parameter): at superheater 

The best performance was found when the original operating pressure was 

reduced to 50% (21.5 bar). Power could be boosted by 2.82% (2.55 MW) with 

7 MW of integrated solar power, leading to a specific work per fuel unit mass 

of 27.18 MJ/kg. 

-  Case J (parameter): at economizer 

Finally, for case J, the best performance was observed when the operating 

pressure of the steam cycle was reduced by 30% (to 30.1 bar). The ISCC overall 

power was boosted by 5.01% (4.54 MW) at an integrated solar power of 1.5 

MW. The ISCC overall efficiency reached 58.4% (a 2.2% increase), and the 

specific work per fuel unit mass increased by 1.32 MJ/kg to reach 27.76 MJ/kg. 
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4.3 Approaches for integrating solar energy into current combined 

cycles 

In this section, some considerations for integrating solar thermal power into an existing 

combined cycle power plant are presented, based on the previous results. Figure 4.53 

shows the strategy to be followed depending on the desired outcome of solar power 

integration, and a summary of all cases is provided in Table 4.13, alongside guidelines 

for solar power integration.  

 

 
Figure 4.53 Optimum ISCC strategies depending on the desired outcome 

 

Table 4.13 Considerations for coupling solar thermal power with a combined 

cycle power pant 

Case Guidelines for solar power integration – Fuel saving 

A 
Before 

compressor 
▪ Not applicable due to the increase in compression work. 

B 
Before 

combustion 

chamber 

▪ Solar field technology: PTC with molten salts, PDR or heliostat field. 

▪ Best option for integration into the top gas cycle. 

C 
After 

combustion 

chamber 

▪ Solar field technology: only heliostat field (high temperatures). 

▪ Not recommended due to solar technology restrictions. 

D 
At 

superheater 

▪ Solar field technology: PTC with molten salts, PDR or heliostat field. 

▪ Lowest fuel saving effect per MW of solar thermal power. 

▪ Can integrate the maximum solar thermal power. 

▪ Recommended only for high values of solar power integration. 

E 
At 

economizer 

▪ Solar field technology: all technologies and HTFs (PTC, PDR, heliostat). 

▪ Highest fuel saving effect per MW of solar thermal power. 

▪ Best option, high energy efficiency, strongly recommended. 
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Case Guidelines for solar power integration – Power boosting 

F 
Before 

compressor 

▪ Not applicable due to the increase in compression work. 

G 
Before 

combustion 

chamber 

▪ Solar field technology: PTC with molten salts, PDR or heliostat field. 

▪ Lowest power boosting obtained per MW of solar thermal power.  

▪ Best option for integration into the top gas cycle. 

H 
After 

combustion 

chamber 

▪ Solar field technology: only heliostat field (high temperatures). 

▪ Lowest power boosting obtained per MW of solar thermal power.  

▪ Not recommended due to solar technology restrictions and low efficiency. 

I 
At 

superheater 

F
lo

w
ra

te
 ▪ Solar field technology: all technologies and HTFs (PTC, PDR, heliostat). 

▪ Highest power boosting per MW of solar thermal power.  

▪ Highest ISCC efficiency achieved. 

▪ Best option for power boosting strategy. 

P
a
ra

m
et

e

r 

▪ Solar field technology: all technologies and HTFs (PTC, PDR, heliostat). 

▪ Low power boosting per MW of solar thermal power. 

▪ Low energy efficiency. 

▪ Not recommended. 

J 
At 

economizer 

F
lo

w
ra

te
 

▪ Solar field technology: all technologies and HTFs (PTC, PDR, heliostat). 

▪ Lower performance than case I, not recommended. 

P
a
ra

m
et

e

r 

▪ Solar field technology: all technologies and HTFs (PTC, PDR, heliostat). 

▪ Maximum power boosting for integrated solar power below 1.5 MW. 

▪ High energy efficiency.  

▪ Recommended option for low solar thermal power integrated. 

 

4.3.1 Fuel saving considerations 

For gas cycle integration, it has been observed that case A cannot operate under a fuel 

saving scheme, as the increase of compression work decreases output power. Despite 

saving 6.99% of fuel consumption at an integrated solar power of 5 MW, it fails to 

fulfill the premise of keeping power generation constant when fuel consumption is 

reduced. Both cases B and C show a saving of 6.23% in fuel consumption when 

integrating 10 MW solar thermal power. Nevertheless, case B shows more flexibility 

regarding the solar field technology, allowing to use parabolic dish reflectors or 

heliostat field collectors, due to the lower temperatures at the solar heat exchanger. 

Regarding steam cycle integration, case D was able to save 3.49% in fuel consumption 

at an integrated solar thermal power of 15 MW, low value compared to other options. 

On the other hand, case E showed the highest percentage of fuel saving per MW of 

integrated solar thermal power, with 7.97% savings at only 3 MW. When compared to 

the other options for the same amount of integrated solar power, 3 MW, cases B and C 

can only save 1.87% of the fuel, while case D shows the lowest performance, with 

savings of only 0.65%. 
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4.3.2 Power boosting considerations 

Considering gas cycle integration under a power boosting scheme, case F has failed to 

follow the operating strategy for the same reasons mentioned earlier for case A for fuel 

saving. On the other hand, cases G and H were able to boost power by 4.41% when 10 

MW of solar power was integrated into the gas cycle.  

For the steam cycle options, flowrate boosting shows better performance than 

parameter boosting, with case I boosting power by 24.2% at only 4 MW of integrated 

solar power. With the same integrated solar power, case J could only boost power by 

2.98%. For the parameter boosting mode, the behavior of cases I and J changed, with 

case J boosting more power than case I. When the evaporator pressure was reduced to 

half of that of the original combined cycle, case I: superheater” was able to boost power 

by 2.82%, requiring 7 MW of solar thermal power. On the other hand, with only 1.5 

MW of solar thermal power, case J boosted output power by 5.01% when evaporator 

pressure was reduced by 30%. 

4.4 Results compared with literature 

In this section, some of the results are compared to relevant findings in recent literature. 

Comparing the results of this work with the work of Barigozzi et al. [164] it was also 

found that power boosting techniques with solar integration at the bottom steam cycle 

outperformed those with integration at the top gas cycle. When solar thermal power 

was integrated before the superheater of the bottom steam cycle, Ameri and 

Mohammadzadeh [153] found a 6 MW improvement in power generation and carbon 

emissions reduction of 10 g/kWh for a 300 MW power plant. In this work, for the same 

integrating position, flowrate and parameter boosting strategies increased output power 

by 22 MW (24.2%) and 2.6 MW (2.82%), respectively, leading to a total power output 

of 112.5 and 93.1 MW. In addition, carbon emissions could be reduced by 3.5 g/kWh 

for an ISCC with output power of 90.5 MW. Behar [147] indicated that using PTCs 

with synthetic oil as HTF was the most efficient method for integrating solar thermal 

power at the bottom steam cycle. In this work, it has been observed that PTC can be 

applied to most steam cycle integration cases, except case D for fuel saving. In the work 

of Aghdam et al. [143], it was claimed that the power plant capacity increased from 714 

to 728 MW and its efficiency increased by 2% when the solar field was integrated 

before the bottom steam cycle superheater. In this work, power was enhanced by 24.2% 

and cycle efficiency by 11.9% using flowrate boosting strategy for the same integration 

point. Elmohlawy [152] found that a 1.2% increase in thermal efficiency was achieved 

by introducing steam at a high pressure level of the bottom steam cycle. In this work, 

the integration of solar thermal power before the high pressure superheater to heat 

saturated steam resulted in the highest efficiency increase of 11%. Finally, Abdel 

Dayem et al. [124] found that increase in DNI due to climate conditions change might 

lead to a 10% increase in steam turbine production. According to this study, a flowrate 

boosting technique could raise the steam turbine power by 24.2% using just 4 MW of 

integrated solar thermal power. 
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4.5 Optimization of solar field 

In this final section, an appropriate size of the solar field that could be installed to 

optimize the operating conditions of the ISCC is estimated. Each integration option, for 

the two operating strategies: fuel saving and power boosting, was analyzed based on 

the average solar irradiation for Alexandria-Egypt. The monthly average daily direct 

normal radiation (𝐺𝑏𝑛) for Alexandria is shown in Figure 4.53, which shows a 

maximum of 321 W/m2 in July and a minimum of 133 W/m2 in December [201]. 

 

 
Figure 4.54 Monthly average daily direct normal irradiation (W/m2) for 

Alexandria-Egypt [201] 

The calculations were based on the solar collector model presented in Chapter 3, with 

the amount of solar heat absorbed presented in Equation (3.61) [197]. Cases A and F 

were not considered, as they could not fulfill the requirements of fuel saving and power 

boosting operation. In addition, for the other cases, the maximum limit for integrated 

solar thermal power was considered to determine the appropriate solar field size. 

To ensure that the ISCC power plant will operate at maximum solar capacity for the 

whole year, the solar field size was based on the lowest average direct normal radiation 

of 133 W/m2 reached in December. The solar thermal power integration process should 

be monitored not to surpass the maximum limit of integrated solar heat, opening the 

possibility of storing the extra absorbed solar energy. 

 

4.5.1 Fuel saving configurations 

First, the fuel saving cases will be analyzed. Since cases B and C have the same 

maximum limit for solar thermal power integration, 10 MW, the estimated solar field 

size will be the same for both, 208,500 m2. Surplus solar energy will be obtained in the 

rest of months other than December, as shown in Figure 4.54.  
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Figure 4.55 Absorbed solar thermal power for cases (B & C) for fuel saving 

As case D is able to integrate 15 MW of solar thermal power, it will require the largest 

estimated solar field area, 312,500 m2 (50% larger than for cases B and C). In this case, 

in July, it will be possible to absorb 36.2 MW, as shown in Figure 4.55.  

 

 
Figure 4.56 Absorbed solar thermal power for case D for fuel saving 

Finally, the smallest solar field size, 62,500 m2, is enough for integrating solar power 

into the configuration presented for case E, as it can only integrate 3 MW, as shown in 

Figure 4.56. This configuration will produce the least amount of solar energy surplus. 
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Figure 4.57 Absorbed solar thermal power for case E for fuel saving 

4.5.2 Power boosting configurations 

As cases G and H have the same value of maximum solar power that can be integrated 

as cases B and C, the expected solar field area is the same, 208,500 m2. Figure 4.57 

shows the evolution of the thermal power absorbed throughout the year. 

 
Figure 4.58 Absorbed solar thermal power for cases (G & H) for power boosting   

For integration of solar power into the steam cycle, flowrate boosting and parameter 

boosting were considered. For the flowrate boosting, case I requires one of the smallest 

solar field areas, 83,400 m2, according to the 4 MW limit in integrated solar power. 

Figure 4.58 shows the evolution of the monthly absorbed power, with maximum values 

around 9.7 MW in July. 
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Figure 4.59 Absorbed solar thermal power for case I for flowrate boosting 

 

For case J, on the other hand, up to 12 MW solar thermal power can be integrated, 

leading to 250,000 m2 of solar field area, one of the largest values. The evolution of 

solar absorbed power is shown in Figure 4.59, where it may be observed that, in July, 

a huge amount of energy will be lost if it is not stored. 

 

 
Figure 4.60  Absorbed solar thermal power for case J for flowrate boosting  

For the parameter boosting mode, the solar area required for integrating 7 MW in the 

configuration of case I is 149,900 m2. Finally, for case J, as only 1.5 MW of solar power 

needs to be integrated, the smallest solar field area, 13,100 m2, is enough. Figures 4.60 
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and 4.61 shown the monthly solar power absorbed by the solar field for both cases, 

where it may be observed that solar integration in case J for power boosting will lead 

to the least energy surplus. 

 
Figure 4.61 Absorbed solar thermal power for case I for parameter boosting 

 
Figure 4.62 Absorbed solar thermal power for case J for parameter boosting  

 

When the solar integrated power values and the solar field areas are plotted together, as 

in Figure 4.62, the clear direct relationship between the estimated solar field size and 

the amount of solar thermal power integrated becomes apparent. The largest solar field 

area, 312,500 m2, was found in case D (integration with superheater) for the fuel saving 

scheme as it had the highest limit for the integrated solar thermal power, 15 MW. On 
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the other hand, the smallest area, 13,100 m2, was obtained for case J (integration before 

the economizer) for parameter boosting, as it could only integrate a maximum of 1.5 

MW of solar thermal power. Considering the surplus energy that will be generated in 

months other than December, coupling the ISCC with a thermal storage system could 

be beneficial for allowing to continue operating under the fuel saving or power boosting 

schemes during the night. 

 

Figure 4.63  Solar field total area for all cases  
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In this final chapter, the conclusions of the thesis are presented. The achievement of the 

research objectives is assessed, the main findings are presented, and future research 

lines are suggested. 

5.1 Research objectives achievement  

The main objective of the thesis was to perform a comprehensive study on the impact 

of integrating solar field in a combined cycle power plant for fuel saving and power 

boosting at different integrating positions at the top gas cycle and at the bottom steam 

cycle. The main objective, as well as the specific ones, has been satisfactorily achieved. 

A model of a real operating combined cycle power plant has been developed and 

modified to integrate a solar field, and the optimum operating conditions for fuel saving 

and power boosting for different configurations have been studied.  

5.2 Main findings 

• Integrating solar power before the air compressor in the gas cycle is not a good 

option either for fuel saving or power boosting. The increase in compression 

work becomes too high and the cycle power output is reduced. 

• Integrating solar heat into the top gas cycle may constrain the solar field 

technology that can be used. Parabolic dish reflectors and heliostat fields are 

alternative options instead of parabolic field collectors. In addition, higher 

temperature heat transfer fluids, such as molten salts, must be used 

• It is preferrable to integrate solar thermal power into the bottom steam cycle to 

allow using parabolic trough collectors and synthetic oils as heat transfer fluids. 

• For the fuel saving operating mode, the best option is to reduce fuel 

consumption and carbon emissions is the integration of the solar field before the 

economizer at the bottom steam cycle. 

• Reducing the evaporator operating pressure in the bottom steam cycle increases 

output power thanks to the better use of heat. 

• For maximizing the integrated solar thermal power, the fuel saving scheme with 

integration before the superheater of the steam cycle is the best option. 

• The highest energy efficiency is reached by flowrate power boosting with solar 

integration before the superheater of the steam cycle. 

• Flowrate power boosting performs better than parameter power boosting, 

especially for integration before the superheater. 

• For maximizing power boosting for small solar fields, parameter boosting with 

solar integration before the economizer of the steam cycle should be applied. If 

there is no limit on the solar field size, flowrate boosting with solar integration 

before the economizer stage is the optimum selection. 

5.3 Recommendations for future work 

Based on the findings of this study, the following research lines could be followed in 

future works: 

• Study off-design operating conditions for the different integration options. 

• Perform a dynamic analysis for a specific place, using actual solar thermal data 

collected over a period of time. 
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• A heat storage system could be coupled with the ISCC to allow fuel saving and

power boosting during non-solar times.

• The configurations studied in this work could be combined to study the impact

of integrating solar thermal power into several integration positions at the same

time.
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En este último capítulo, se presentan las conclusiones de la tesis. Se evalúa la 
consecución de los objetivos de la investigación, se presentan los principales resultados 
obtenidos y se sugieren futuras líneas de investigación. 

5.1. Consecución de los objetivos de la investigación  

El principal objetivo de esta tesis era la realización de un estudio completo sobre el 
impacto de la integración de un campo solar en una planta de producción de energía de 
ciclo combinado para el ahorro de combustible y el aumento de su potencia en 
diferentes posiciones de integración en el ciclo de gas y el de vapor. El objetivo 
principal, así como los objetivos específicos de la tesis, se han logrado de forma 
satisfactoria. Se ha desarrollado un modelo de una planta de producción de energía de 
ciclo combinado real y se ha modificado para integrar un campo solar, estudiando las 
condiciones de operación óptimas para el ahorro de combustible y el aumento de la 
potencia para diferentes configuraciones del ciclo.  

5.2. Principales resultados de la investigación 

 La integración de la energía solar previa a la compresión del aire en el compresor
del ciclo de gas no es una buena opción ni para el ahorro de combustible ni para el
aumento de la potencia. El aumento en el trabajo de compresión aumenta
demasiado, reduciendo la potencia del ciclo.

 Integrar la energía solar en el ciclo de gas puede restringir la tecnología de campo
solar utilizable. Los reflectores de disco parabólicos y heliostatos son alternativas
a los colectores parabólicos en este caso. Además, se deben emplear fluidos de
transferencia de calor de mayor temperatura, como sales fundidas.

 Es preferible integrar la energía solar en el ciclo de vapor y así permitir el empleo
de colectores solares parabólicos y aceites sintéticos como fluidos de transferencia
de calor.

 Para el modo de ahorro de combustible, la mejor opción es la integración del ciclo
solar antes del economizador del ciclo de vapor.

 La reducción de la presión de evaporación del ciclo de vapor aumenta la potencia
generada gracias a un mejor aprovechamiento de la energía térmica.

 Para maximizar la potencia solar integrada, la mejor opción es el modo de ahorro
de combustible con la integración solar antes del sobrecalentador del ciclo de
vapor.

 La eficiencia energética máxima se alcanza mediante el aumento de potencia con
integración solar antes del sobrecalentador del ciclo de vapor, incrementando el
flujo másico de vapor.

 El aumento de la potencia mediante el aumento del flujo másico de vapor
proporciona mejores resultados que el aumento de los parámetros termodinámicos
del vapor, especialmente si la energía solar se integra antes del sobrecalentador.

 Para maximizar la potencia utilizando pequeños campos solares, la mejor estrategia
es la integración de la energía solar antes del economizador del ciclo de vapor para
aumentar los parámetros termodinámicos del vapor. Si no hay límite en el tamaño
del campo solar, la mejor opción es la integración antes del economizador para
aumentar el flujo másico de vapor.
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5.3. Recomendaciones para trabajos futuros 

Con base en los resultados de este estudio, se proponen las siguientes líneas de trabajo 
para trabajos futuros: 

 Estudio de las condiciones fuera del punto de diseño para las diferentes
opciones de integración.

 Análisis dinámico para una localización concreta, utilizando datos sobre la
radiación solar a lo largo de un período temporal.

 Acoplamiento de un sistema de almacenamiento de energía térmica al ciclo
combinado, para reducir el consumo de combustible y aumentar la potencia del
ciclo durante las horas sin sol.

 Combinaciones de las configuraciones estudiadas en esta tesis, para estudiar el
impacto de la integración de energía solar en varias posiciones de integración
al mismo tiempo.
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Abstract: The energy transition towards renewable energy sources is vital for handling climate 

change, air pollution, and health-related problems. However, fossil fuels are still used worldwide 

as the main source for electricity generation. This work aims to contribute to the energy transition 

by exploring the best options for integrating a solar field within a combined cycle power plant. Dif-

ferent integration positions at the gas and steam cycles for the solar field were studied and compared 

under several operating conditions using a thermodynamic model implemented in MATLAB 

R2024a. Fuel-saving and power-boosting (flowrate and parameter boosting) strategies were studied. 

The results revealed that, for a maximum fuel savings of 7.97%, the best option was to integrate the 

field into the steam cycle before the economizer stage. With an integrated solar thermal power of 3 

MW, carbon dioxide emissions from fuel combustion were reduced to 8.3 g/kWh. On the other hand, 

to maximize power plant generation, the best option was to integrate the field before the super-

heater, increasing power generation by 24.2% for a solar thermal power of 4 MW. To conclude, 

guidelines to select the best integration option depending on the desired outcome are provided. 

Keywords: integrated solar combined cycle; energy efficiency; carbon emissions reduction; power 

boosting; fuel saving; flowrate boosting; parameter boosting; solar thermal power 

 

1. Introduction 

For more than 50 years, global energy consumption has been increasing at rates be-

tween 1% and 2% [1], with the only exceptions being the early 1980s (the energy crisis), 

2009 (the financial crisis), and 2020 (the COVID crisis). In addition, the average energy 

consumption annual growth rate of 1.5% from 2010 to 2019 reached a maximum of 2.2% 

in the year 2023 [2]. Currently, fossil fuels provide more than 80% of the primary energy, 

with coal representing 27% of this total [3,4]. Between 1965 and 2022, the use of fossil fuels 

increased globally by 96,796 TWh, becoming around 2.4 times higher. Asia reached a total 

generation of 775,566 TWh from fossil fuels, and in Europe, fossil fuel generation grew by 

21,391 TWh [1]. Iran experienced a growth of 3518%, passing from 92 to 3335 TWh. On 

the other hand, the United Kingdom reduced fossil fuel generation by 33%, from 2259 to 

1519 TWh [1]. 

As long as fossil fuels lead the energy system, the world will continue to face energy 

scarcity for millions of people and the worsening of climate change and pollution effects. 

As the world population increases, so will the energy demand. Therefore, fuel consump-

tion is expected to increase unless the efficiency of power generation systems is improved. 

In addition, low-carbon energy sources should replace fossil fuels in the energy mix to 

handle climate change, pollution, and health-related problems. 
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With the social demand for cleaner energy sources and technologies, most countries 

are making significant efforts to adopt renewable generation, which increased from 2795 

TWh in 1965 to 23,848 TWh in 2022 [1]. Asia had the highest renewable energy consump-

tion in 2022, with 10,879 TWh. South America increased renewable generation by 2270% 

from 1965 to 2022, passing from 117 TWh to 2773 TWh. As a consequence of those efforts, 

the global share of renewable energy in electricity generation is now around 30% [5]. The 

share of solar and wind power increased from 2.8% in 2012 to 12.1% in 2022 [6], with the 

investment in solar power increasing up to 310 billion dollars, a 36% increase from 2018 

to 2022 [5]. The International Renewable Energy Agency (IRENA) expects the share of re-

newable energy consumption to reach 28% by 2030 and 66% by 2050 [7]. The share of 

renewables in the electricity sector is expected to increase more, reaching 57% by 2030 and 

86% by 2050 [8]. 

Solar energy is one of the most important renewable energy sources. It is available 

and affordable, and it requires low maintenance costs [9]. Between 1991 and 2020, solar 

energy has expanded at an exponential rate and become a common energy source. In fact, 

it has been claimed that smart solar energy systems could supply the whole world energy 

demand without additional energy sources [10]. In addition, the carbon footprint of solar 

panels is 95% lower than coal-based technologies [11]. According to a study by Lawrence 

Berkeley National Laboratory in USA, the implementation of solar and wind energy be-

tween 2019 and 2022 generated USD 249 billion in climate, pollution, and health benefits, 

avoiding from 1200 to 1600 premature deaths [12]. In addition, the cost of renewable tech-

nologies has dropped by around 60%, especially in the case of solar panels [9]. Solar en-

ergy is predicted to become extremely cost-competitive by 2030, with prices from 0.02 to 

0.08 USD/kWh [12]. 

Despite the advances in renewable technologies, gas power plants currently generate 

22% of global electricity, with natural gas consumption increasing up to 6100 TWh in 2021 

[6]. Combined cycles (CC) are the most common power plants, using exhaust gases from 

a top gas cycle to generate steam in a Heat Recovery Steam Generator (HRSG) and power 

a bottom steam cycle. A feasible strategy for reducing the environmental impact of com-

bined cycles is the integration of solar energy in the so-called Integrated Solar Combined 

Cycles (ISCC), especially in tropical regions. These cycles, which combine gas-fired power 

cycles and Concentrated Solar Power (CSP) technologies, have the advantage of prevent-

ing power outer risks that could result from relying only on solar power. The thermal 

energy obtained from the combustion of natural gas is complemented by the thermal en-

ergy produced by solar concentrators, increasing the total efficiency of the system [13]. 

Although parabolic trough solar power plants were proposed in the 1990s by Luz Solar 

International [14], economic factors prevented the building of power plants before the 

2000s, when the Global Environment Facility financed USD 50 million for the construction 

of four ISCC power plants in developing countries with intense solar irradiation, most of 

them in the Middle East. This incentive renewed the interest in Concentrated Solar Power 

(CSP) technologies, specifically in Parabolic Trough Collectors (PTC) [15]. It has been pre-

dicted that CSP power plants will represent 25% of global power generation by 2050 [16]. 

Due to the lower cost of thermal energy storage with respect to batteries, CSP technologies 

seem more suitable for baseload power generation than photovoltaic systems. Neverthe-

less, solar fields are still relatively costly [17]. 

Research has been conducted on solar thermal power integration at the top (Brayton) 

and the bottom (Rankine) cycles, with several hybrid setups [18,19]. When integrated into 

the top gas cycle, solar power is used to preheat compressed air before entering the com-

bustion chamber [14]. When integrated into the bottom steam cycle, it is typically used to 

generate more steam to power the turbine [20,21]. Barigozzi et al. [22] investigated the 

performance of an ISCC with solar integration at the top and bottom cycles. A higher so-

lar-to-electricity efficiency was obtained when solar power was integrated at the top cycle, 

but power generation was higher through integration in the bottom cycle. 
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According to Behar [23], PTCs with synthetic oils as the heat transfer fluid (HTF) are 

the most efficient method for solar power integration at the bottom cycle. The results from 

the work of Manente et al. [24] showed the highest solar-to-electricity efficiency values 

when synthetic oil was used to evaporate water at the high pressure level of the HRSG. 

This conclusion matches the results from Elmohlawy et al. [25], who found an increase in 

the thermal efficiency by 1.2% when injecting the steam at the high pressure level instead 

of at the intermediate one. El Mohalawy et al. [26] developed a model for two ISCC con-

figurations with PTCs for a plant with an original capacity of 503 MW. In the first config-

uration, a solar steam generator (SSG) was used to complement the intermediate pressure 

evaporator and superheater. In the second configuration, the feedwater from the deaera-

tor was superheated using the SSG. They found that the second configuration generated 

more power than the first one, allowing to reduce CO2 emissions by around 51,671 ton. 

Rovira et al. presented an innovative hybrid configuration [27] with a partially recu-

perative Brayton cycle for fuel saving with the introduction of solar power, achieving 

higher solar power shares than standard layouts. The 135 MW Kurymat plant in Egypt, in 

operation since 2011 [28], works by heating synthetic oil with PTCs and heating a portion 

of the high-pressure water of the steam cycle before it returns to the HRSG. Abdel Dayem 

et al. [28] developed a model of this plant, finding that the increase in direct normal irra-

diance (DNI) could increase the turbine power and the solar share by 10% and 25%, re-

spectively. All these sources, along with the work of Muñoz, Rovira, and Montes [29], 

show that solar integration into the bottom cycle with PTCs and synthetic oils is the most 

common configuration in current or developing projects, with solar share values from 3% 

to 14%. The best thermodynamic performance is obtained when integrating solar energy 

at the high pressure level of the HRSG for steam evaporation and/or superheating. Javadi 

et al. [30] examined different possibilities for integrating solar power into a combined cy-

cle with two pressure levels: preheating the fuel or air before the combustion chamber or 

integrating it at the high pressure level of the HRSG. In line with previous studies, the 

highest power generation at the lowest cost was found when solar power was integrated 

into the high-pressure line of the HRSG. 

Hosseini et al. [31] compared six thermal power plants, claiming an ISCC with a 67 

MW solar field to be the optimal configuration. This plant could avoid the emission of 2.4 

Mt of CO2 and save USD 59 million in fuel consumption over its 30-year operational life. 

Compared to a combined cycle and a simple gas turbine, its levelized cost of electricity 

(LCOE) is 10% and 33% less expensive. Aghdam et al. [32] explored the integration of solar 

power into an operating power plant in Iran, finding an increase in plant capacity and 

electrical efficiency from 714 to 728 MW and from 45 to 47%, respectively. A similar study 

was performed by Anwar [33] to assess the performance of solar integration of PTCs into 

the Al-Abdaliya CC in Kuwait with an Engineering Equation Solver (EES) model. The 

plant and solar capacities were 280 MW and 60 MW, respectively. The results showed that 

the ISCC efficiency was 20% higher than the original CC and that carbon emissions fall by 

around 64 kton/year. Ameri and Mohammadzadeh [34] conducted a thermodynamic, 

thermo-economic, and Life Cycle Analysis of three hybrid designs for a conventional plant 

in Iran. They reported an increase in power production of 6 MW and a reduction in carbon 

emissions of 10 g/kWh when the solar field was integrated into the superheater of the 

bottom steam cycle. Achour et al. [35] developed a thermodynamic model to calculate the 

thermal performance of an ISCC in Algeria. The overall plant efficiency reached 60%, 

while the solar-to-electricity efficiency reached 14.4%. Another model was generated by 

Manente [36] to evaluate the integration of solar energy into a combined cycle, finding 

that the solar-to-electricity efficiency was between 24 and 29%, but the drop in the gas 

turbine efficiency at lower load values decreased the ISCC thermal efficiency. Durán-Gar-

cía et al. [37] examined solar thermal power integration in parallel to the HRSG of a com-

bined cycle with two pressure levels. When they introduced the solar field in parallel to 

the high-pressure economizer, the cycle efficiency increased by 1.32%, but when the solar 



Processes 2024, 12, x FOR PEER REVIEW 4 of 33 
 

 

field was coupled to the low-pressure superheater, the efficiency increase was higher at 

3.22%. 

Regarding earlier studies that examined the integration of solar thermal power in a 

combined cycle power plant, some of them focused on solar integration at the top gas 

cycle, others focused on the bottom steam cycle, and most of them sought to increase plant 

output power generation. In this work, a study of solar thermal power integration in an 

existing combined cycle power plant is presented. A real combined cycle power plant in 

Egypt was examined with the aim of optimizing cycle efficiency and reducing fuel con-

sumption and carbon emissions. Solar thermal power integration was studied at several 

positions in the top gas and bottom steam cycles and considering different operating strat-

egies, namely fuel saving (FS) and power boosting (PB), providing a comprehensive study 

of the different possibilities for solar power integration. Firstly, the development of the 

thermodynamic model of the original combined cycle is presented. Then, the modifica-

tions of the model to be adapted to the different ISCC configurations and operating strat-

egies are explained. Finally, the results from the model are assessed, providing guidelines 

for solar thermal power integration depending on the benefits sought: increasing cycle 

efficiency, maximizing power delivery, or reducing fuel consumption and carbon emis-

sions. 

2. Thermodynamic Model of the Original Combined Cycle 

2.1. Description of the Combined Cycle 

The combined cycle studied in this work is a 90.5 MW power plant in Alexandria, 

Egypt (latitude 31°12′ N, longitude 29°55′ E, altitude 18 m), property of Egyptian Petro-

chemicals Co. (EPC) [38]. Figure 1 shows the main components of the power plant: the top 

gas cycle, the bottom steam cycle, and the HRSG. The steam turbine is a DK-M 045 model 

fabricated by Brown, Boveri, and Cie (Baden, Switzerland), and the gas turbine is a GT8C 

model fabricated by ASEA Brown Boveri (Zurich, Switzerland). 

 

Figure 1. Diagram of the original combined cycle power plant. 

Table 1 collects the main characteristics of the cycle, with a cycle efficiency of 56.1%, 

whereas Figure 2 displays its T-s diagram.  
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Table 1. Technical data of the combined cycle power plant. 

Gas Cycle Steam Cycle 

Ambient temperature 24 °C Steam inlet pressure 43 bar 

Ambient pressure 1 bar Steam inlet temperature 457 °C 

Combustion chamber inlet temperature 379 °C LP evaporator pressure 2.4 bar 

Turbine pressure 15.7 bar Condenser pressure 0.08 bar 

Turbine inlet temperature 1174 °C Economizer outlet temperature 228 °C 

Turbine exhaust temperature 549 °C LP evaporator mass flowrate 5 kg/s 

Exhaust mass flowrate 174.7 kg/s HP evaporator mass flowrate 25 kg/s 

 

Figure 2. T-s diagram of the original combined cycle. 

2.2. Thermodynamic Model 

The thermodynamic model of the power plant was developed with MATLAB soft-

ware [39], using the toolboxes Ideal Air [40] and X-Steam [41] to obtain water and air ther-

modynamic properties. As depicted on the left side of Figure 1, ambient air enters the 

compressor (1g), where it increases its temperature and pressure (2g). Then, it is mixed 

with fuel and burns in the combustion chamber, producing high-temperature gases (3g), 

which are expanded in the turbine up to ambient pressure (4g), generating power and 

entering the HRSG afterwards. From the pressure ratio rp, pressures Pig in bar and tem-

peratures Tig in K may be calculated as follows: 

rp =
P2g

P1g

=
P3g

P4g

 (1) 

rp

k−1
k =  

T2g

T1g

   (2) 

where the heat capacity ratio k is the ratio between the specific heat at constant pressure 

cp and at constant volume cv in kJ/(kg·K). The following equations were used to obtain 

the power of the gas turbine ẆGT and compressor Ẇcomp, the thermal power supplied in 

the combustion chamber Qcc, and the net power of the gas cycle ẆGnet
 in kW: 

ẆGT =  ṁg · (h3g − h4g) (3) 
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Ẇcomp = ṁa(h2g − h1g) (4) 

Q̇cc =  ṁf · LHV = ṁgh3g
− ṁah2g (5) 

ẆGnet =  ẆGT − Ẇcomp (6) 

The mass flowrates of gases ṁg, air ṁa, and fuel ṁf are expressed in kg/s, and the 

enthalpy h is expressed in kJ/kg. The natural gas lower heating value LHV is 47,000 kJ/kg 

[42]. The thermal efficiency of the top gas cycle is obtained as follows: 

ηT =
ẆGnet

Q̇cc

 (7) 

The main components of the bottom steam cycle, on the right side of Figure 1, are the 

turbine, condenser, and preheater. The steam turbine power in kW may be obtained: 

ẆST =  ṁs · (h8 − h9) (8) 

The power values of the high-pressure pump Ẇhp𝑝𝑢𝑚𝑝
  and the feedwater pump 

Ẇfw𝑝𝑢𝑚𝑝
 are as follows: 

Ẇhp𝑝𝑢𝑚𝑝
=  ṁs · (h3 − h3𝑎) (9) 

Ẇ𝑓𝑤𝑝𝑢𝑚𝑝
=  ṁs · (h11 − h10) (10) 

Then, the net power of the steam cycle can be calculated: 

ẆS𝑛𝑒𝑡
=  ẆST −  Ẇhp𝑝𝑢𝑚𝑝

− Ẇ𝑓𝑤𝑝𝑢𝑚𝑝
 (11) 

where ṁs is the steam flowrate in kg/s, and hi is the steam enthalpy in kJ/kg. Conse-

quently, the power plant net power and efficiency can be calculated: 

ẆTotal =  ẆGnet
+ ẆS𝑛𝑒𝑡

 (12) 

ηCC =
ẆGnet

+ ẆS𝑛𝑒𝑡

Q̇cc

 (13) 

The HRSG allows the exchange of thermal energy between the gas turbine exhaust 

gases and the water from the steam cycle. It consists of four heat exchangers: a super-

heater, a high-pressure (HP) evaporator, an economizer, and a low-pressure (LP) evapo-

rator. As the UA values and specific configurations of the heat exchangers of the real 

power plant were not available, it was decided to calculate equivalent UA values using 

the effectiveness-Number of Transfer Units (ε-NTU) method [43] with a simplified analy-

sis of an equivalent counterflow heat exchanger that operates with the same terminal tem-

peratures and heat transfer rates as the original power plant. The pinch and approach 

temperatures were obtained from the available power plant data, allowing to adjust the 

model to match real operating conditions. 

Initially, fluid outlet temperatures were guessed to calculate a first value of the Log-

arithmic Mean Temperature Difference (LMTD). Then, calculations were performed to ob-

tain new values of the outlet temperatures. The LMTD is calculated as follows: 

LMTD =
∆T1 − ∆T2

ln (
∆T1

∆T2
⁄ )

 (14) 

where ∆T1 and ∆T2 are the temperature differences between the hot and cold fluids at 

the inlet and outlet in K. The product of the heat transfer area A in m2 and the heat trans-

fer coefficient U in W/(m2·K) can be determined: 
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UA =
Q̇

LMTD
 (15) 

where Q̇ is the heat transfer rate in kW. Once (UA) is calculated, the Number of Transfer 

Units (NTU) is obtained: 

NTU =  
UA

Cmin

 (16) 

where Cmin is the smaller of the two heat capacity rates, i.e., Ccold and Chot, of the cold 

and hot fluids in kW/K, determined from the mass flowrates mi̇  in kg/s and the fluid spe-

cific heats CPi
 in kJ/(kg·K): 

Chot =  ṁhot. CPhot
                                      Ccold =  ṁcold. Cwcold

 (17) 

To obtain the relationship between the heat exchanger effectiveness Ɛ and the NTU, 

the ratio between the smaller and greater heat capacity rates is calculated as follows: 

Cr =  
Cmin

Cmax

 (18) 

The relationship between Ɛ  and NTU  is obtained from the equation for heat ex-

changers in counterflow arrangement with a single pass: 

Ɛ =  
1 − exp[−NTU · (1 − Cr)]

1 −  Cr · exp[−NTU · (1 − Cr)]
 (19) 

Which, for a phase change heat exchanger (Cr ≅ 0), becomes the following: 

Ɛ =  1 − exp[−NTU] (20) 

The value of Ɛ obtained allows to relate the actual and maximum possible thermal 

energy transfer rates Q̇actual and Q̇maximum in kW: 

Ɛ =  
Q̇actual

Q̇maximum

 (21) 

The maximum possible heat exchanged Q̇maximum can be expressed as given below: 

Q̇maximum = Cmin(Thot,in − Tcold,in) (22) 

This equation can be specified for two different cases: 

Cc < Ch: Cmin = Cc →  Ɛ =
(Tcold,out−Tcold,in)

(Thot,in−Tcold,in)
  (23a) 

Ch < Cc: Cmin = Ch →  Ɛ =
(Thot,in−Thot,out)

(Thot,in−Tcold,in)
  (23b) 

where Ti,in and Ti,out are the fluid inlet and outlet temperatures and are in K. A new value 

for the first fluid (with Cmin) outlet temperature T1,out is then obtained. Assuming no heat 

losses in the exchanger, the actual heat transfer rate and the outlet temperature of the 

second fluid (with Cmax) are calculated from the following equations: 

Q̇actual = ṁhot. Cphot
. (Thot,in − Thot,out)  (24a) 

Q̇actual =  ṁcold. Cpcold
. (Tcold,out − Tcold,in) (24b) 

Figure 3 shows the temperature–heat transfer rate diagram of the original combined 

cycle, where the evolution of temperatures across the HRSG may be observed. The pinch 

and approach temperatures are 17.5 K and 28 K, whereas the UA values that fit the power 

plant data are 449 kW/K for the feedwater heater, 164.5 kW/K for the low-pressure 
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evaporator, 175.5 kW/K for the economizer, 475 kW/K for the high-pressure evaporator, 

and 84.5 kW/K for the superheater. 

 

Figure 3. T-Q diagram of the original combined cycle. 

2.3. Validation of the Model 

As explained in the previous subsection, one part of the data obtained from the EPC 

power plant was used as input data for the model, whereas the rest (intermediate temper-

atures, pinch, and approach points) were used to validate the model. A comparison be-

tween the EPC power plant real values and the values obtained from the model is pre-

sented in Table 2. The results show good agreement, enabling the developed model to be 

used for the study of solar power integration into the original combined cycle. 

Table 2. Results of the thermodynamic model vs. actual values from the EPC power plant. 

Operating & Design Conditions Model EPC Power Plant 

Gas turbine cycle 

Air mass flowrate, kg/s 171.2 171.2 

Air to fuel ratio 50 50 

Pressure ratio, rp 15.7 15.7 

Turbine inlet temperature, °C 1174 1100 

Exhaust temperature, °C 549 540 

Power output, MW 90,569 90,569 

Top gas cycle efficiency, % 39.84% 39.84% 

Steam Turbine cycle 

LP steam mass flowrate, kg/s 5 5 

HP steam mass flowrate, kg/s 25 25 

Turbine inlet pressure, bar 43 43 

Power output, MW 26,292 26,292 

Bottom steam cycle efficiency, % 27.1 NA 

Heat recovery steam generator (HRSG) 

Pinch point temperature, K 17.5 17.5 

Approach temperature, K 28 28 

Stack temperature, °C 160 172 

(UA) Feedwater heater, kW/K 449 NA 

(UA) Low-pressure evaporator, kW/K 164.5 NA 

(UA) Economizer, kW/K 175.5 NA 

(UA) High-pressure evaporator, kW/K 475 NA 
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(UA) Superheater, kW/K 84.5 NA 

Combined cycle 

Total output power, MW 90,569 90,569 

Efficiency, % 56.13 56.13 

3. Study of Solar Power Integration (ISCC) 

The validated model presented in the previous section was modified to integrate so-

lar thermal power into the combined cycle. Two operating strategies, fuel saving (FS) and 

power boosting (PB), were analyzed. Figure 4 shows the four possible solar integration 

positions A, B, C, and D in the gas and steam cycles. 

 

Figure 4. Solar field integration options. 

3.1. Fuel-Saving Mode 

For fuel-saving operation, the solar field was integrated into the gas or steam cycle to 

allow a reduction in fuel consumption while keeping the output power of the cycle con-

stant. Once the amount of saved fuel was obtained, the direct reduction in CO2 emissions 

was calculated from the natural gas LHV  and the natural gas/CO2 emission ratio 

EFNG→CO2
 = 0.252 kg/kWh [44]: 

CO2,avoided = ṁfsaved
· LHV · EFNG→CO2

· Δt (25) 

where Δt  is the mean solar operation time for Alexandria, i.e., 275 h/month [45], and 

ṁfsaved
 is the fuel consumption reduction thanks to solar thermal power integration in 

kg/h. Solar integration at the gas cycle differs from integration at the steam, as explained 

in the following two subsections. 

3.1.1. Gas Cycle Integration 

As shown in Figure 4, solar thermal power can be integrated at two positions: after 

the air compressor in order to heat compressed air before it enters the combustion cham-

ber (case A) and after the combustion chamber in order to heat combustion gases before 

they enter the turbine (case B). According to the literature, case A is the most typical alter-

native, but case B is worth investigating. The assumptions considered for gas cycle inte-

gration in the FS scheme are as follows: 

• Mass flowrates of fuel and air are altered depending on the solar thermal power; 

• Compression specific work is constant; 

• Gas turbine inlet and outlet conditions are constant; 

• The turbine specific work is constant; 
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• The top gas cycle output power is constant; 

• The mass flowrate of fuel is reduced; 

• The bottom steam cycle is unaffected; 

• The ISCC overall output power remains constant. 

(a) Case A: After air compressor 

As shown in Figure 5, the solar field is integrated after the compressor, heating the 

compressed air before it enters the combustion chamber. 

 

Figure 5. Case A: solar field integration after air compressor. 

The original thermodynamic model was adapted by modifying the air and fuel mass 

flowrates ṁanew
 and ṁfnew

, so compression power Ẇcomp becomes the following: 

Ẇcomp = ṁanew
(h2g − h1g) (26) 

The energy balance in the combustion chamber is reformulated as given below: 

ṁanew
· h2gnew

+ Q̇𝑐𝑐 = ṁanew
· h2gnew

+ ṁfnew
· LHV = ṁgh3g

 (27) 

The solar heat power integrated Q̇Solar in kW, assuming no heat losses, becomes the 

following: 

Q̇Solar = ṁanew
· (h2gnew

− h2g) (28) 

(b) Case B: After combustion chamber 

As depicted in Figure 6, the solar field is integrated after the combustion chamber to 

heat combustion gases before they enter the gas turbine, resulting in the new thermody-

namic state 3gnew. The challenge of heating hot gases from the combustion chamber is sig-

nificant since they must reach a very high temperature before entering the turbine. The 

thermodynamic model uses the same assumptions as for case A. As the turbine inlet and 

outlet conditions are the same as for the original cycle, solar thermal power will allow to 

reduce fuel consumption in the combustion chamber, reducing the temperature of 3gnew. 

An energy balance in the combustion chamber yields the following: 

ṁanew
· h2g + Q̇𝑐𝑐 = ṁanew

· h2g + ṁfnew
· LHV = ṁgh3g𝑛𝑒𝑤

 (29) 

And the solar thermal power integrated, assuming no heat losses, becomes the fol-

lowing: 

Q̇Solar = ṁanew
· (h3g − h3gnew

) (30) 



Processes 2024, 12, x FOR PEER REVIEW 11 of 33 
 

 

 

Figure 6. Case B: solar field integration after combustion chamber. 

3.1.2. Steam Cycle Integration 

When working in the fuel-saving operation mode, solar thermal power can be inte-

grated into the bottom steam cycle as well. In this case, the solar integration will compen-

sate for the loss of the gas turbine output power due to the reduction in fuel consumption. 

Two integration positions were examined: before the superheater, so that saturated steam 

from the HP drum is heated before entering the actual superheater stage (case C), and 

before the economizer, with feedwater being preheated before the economizer (case D). 

(a) Case C: Integration before superheater 

In this configuration, as shown in Figure 7, outlet steam from the HP drum is heated 

by the solar field before it enters the superheater. The HRSG temperature distribution will 

change as water and steam temperatures increase. Hence, the steam turbine will generate 

more power to compensate for the reduction in the top gas cycle power, allowing to re-

duce fuel consumption. 

 

Figure 7. Case C: solar field integration before superheater. 

The solar heat power integrated, assuming no heat losses, results in the following: 

Q̇Solar = ṁs · (h7new
− h7) (31) 

(b) Case D: Integration at economizer 

The solar field can be integrated into the bottom steam cycle after the feedwater outlet 

to preheat water before it enters the economizer, as depicted in Figure 8. As in case C, the 
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temperature distribution along the HRSG will be shifted upwards, increasing the steam 

turbine output power and allowing the use of less fuel in the gas cycle. 

 

Figure 8. Case D: solar field integration at economizer. 

The solar heat power integrated, assuming no heat losses, is as follows: 

Q̇Solar = ṁs · (h3new
− h3) (32) 

3.2. Power-Boosting Mode 

In the power-boosting mode, the same fuel consumption as for the original combined 

cycle is kept constant, so the integration of the solar field increases the output power of 

the plant. The same four integration positions examined for the fuel-saving mode, indi-

cated in Figure 4, were studied, but the assumptions for the model change. 

3.2.1. Gas Cycle Integration 

In this case, the added solar heat will result in an increase in the power output of the 

gas turbine. Solar thermal power integration was studied after the air compressor (case A, 

Figure 5) and after the combustion chamber (case B, Figure 6). The developed thermody-

namic models were modified with the following assumptions: 

• Air and gas mass flowrates change depending on the integrated solar thermal power; 

• Fuel mass flowrate is steady; 

• Compression work increases; 

• Gas turbine inlet and outlet conditions are constant; 

• The total output power of the upper gas cycle increases; 

• The bottom steam cycle is unaffected. The ISCC overall output power increases. 

3.2.2. Steam Cycle Integration 

In this case, the gas cycle works at the same conditions as in the original cycle, and 

the integration of solar power increases the power output of the bottom steam cycle. The 

same two integration positions as for fuel saving, i.e., before the superheater (case C, Fig-

ure 7) and before the economizer (case D, Figure 8) of the HRSG, were studied. Two dif-

ferent operating modes, flowrate and parameter boosting, were considered for each inte-

gration position. In the flowrate-boosting mode, the integrated power is used to increase 

the steam flowrate, whereas in the parameter boosting, it modifies the thermodynamic 

states of the steam cycle, which continues working with the same steam flowrate. 
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3.3. Solar Field Technology Selection 

Before moving on to the results, considerations about the solar field technology to be 

used are presented, depending on their operating temperatures. Table 3 collects the char-

acteristics of different solar concentration technologies so that, depending on the solar 

power integration position, the most suitable technology can be selected. According to the 

literature, the most common technology in ISCCs is the use of PTCs with Therminol VP-

1 as HTF. Therminol VP-1 is characterized by a low dynamic viscosity and a high heat 

capacity over a large operational temperature range [46]. However, its maximum operat-

ing temperature is 390 °C. As the temperature of the cycle working fluids could be higher, 

solar molten salts could be an alternative HTF [47], as they are able to reach much higher 

temperatures up to 550 °C. Nevertheless, for temperatures too high, PDR or heliostats will 

be the only option. 

Table 3. Concentrating solar collectors [48,49]. 

Collector Type 
Parabolic Trough Collectors 

(PTC) 

Parabolic Dish Reflectors 

(PDR) 

Heliostat Field Collectors (Solar 

Power Tower) 

Description 

Parabolic sheet of reflective 

material.Linear receiver (metal 

pipe with heat transfer fluid) 

Large reflective parabolic 

dish with stirring high en-

gine receiver at focal point 

Large heliostat field with tall tower 

in its center.Receiver: water/HTF 

boiler at top 

Operating range (°C) 50–400 150–1500 300–2000 

Relative cost Low Very high High 

Concentration ratio 1 15–45 100–1000 150–1500 

Tracking One-Axis Two-Axis Two-Axis 

Efficiency (%) ~18 ~30 ~25–28 
1 Ratio of the effective area of the aperture to the receiver/absorber area of the collector. 

4. Results 

Every studied configuration was considered in both fuel-saving and power-boosting 

operating modes. For fuel saving, maximum reductions in fuel consumption and CO2 

emissions were the target; for power boosting, maximization of the output power was the 

goal. In addition, the maximum solar thermal power that can be integrated into the cycle 

was evaluated. To make reading easier, the detailed results of all the studied configura-

tions are collected in Appendix A (Tables A1–A8), leaving only the most relevant data in 

this section. 

4.1. Fuel-Saving Mode 

4.1.1. Gas Cycle Integration 

The results of the fuel-saving cases alongside the original values of the combined 

cycle are collected in Table 4. Total net power remains constant and equal to the original 

cycle value, 90,569 MW, but the cycle efficiency increases slightly to 56.15%. When com-

pared to the original CC, cases A and B show significant benefits, such as the reduction in 

fuel consumption of 6.23% when 10 MW solar thermal power is integrated into the cycle. 

Fuel saving as a function of the integrated solar thermal power is represented in Figure 

9a, showing linear behavior. With 28.2 MJ/kg specific work per fuel unit mass, both cases 

A and B result in cutting carbon emissions by 6.4 g CO2/kWh. In case A, PTC technology 

could be employed for the solar field placed after the compressor. However, molten salts 

should be used as HTF, as the maximum output temperature of the solar heat exchanger 

(T2gnew) reaches 433 °C at 10 MW of integrated solar power, as shown in Figure 9b. 
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Table 4. Original CC vs. ISCC (case A and case B) “Fuel saving”. 

Mass Flowrates Original CC ISCC Case A ISCC Case B 

Fuel flowrate (kg/s) 3.42 3.21 

Fuel saving (%) -- 6.23 

Solar heat integration Original CC ISCC Case A ISCC Case B 

Integrated solar heat (MW) -- 10 

Cycle efficiency Original CC ISCC Case A ISCC Case B 

Gas turbine cycle (%) 39.84 39.85 

Combined cycle (%) 56.13 56.15 

Cycle power breakdown Original CC ISCC Case A ISCC Case B 

Gas cycle (kW) 64,277 64,277 64,277 

Steam cycle (kW) 26,292 26,292 26,292 

Total net power (kW) 90,569 90,569 90,569 

Specific work per fuel unit mass flow (kJ/kg) 26,439 28,198 28,198 

CO2 emissions (Mt/year) 0.2971 0.2785 0.2785 

CO2 emissions saved (kg CO2/kWh) - 0.0064 0.0064 

In case B, although global values are the same as in case A, the temperatures of the 

different states of the gas cycle change, as collected in Table A1. The outlet temperature of 

the combustion chamber state 3gnew becomes lower, requiring less fuel because the solar 

heat exchanger will provide the additional heat necessary for reaching the temperature of 

the state 3g just before the turbine inlet. In case B, when solar power is integrated into the 

cycle, heat must be transferred to gases at temperatures from 1126.5 °C (3gnew) to 1174 °C 

(3g), as depicted in Figure 9b. Only heliostat field collectors will be able to provide the 

required solar thermal power at those temperatures. Comparing options A and B, case A 

shows a clear advantage, as it allows integrating more solar field technologies. 

 
(a) Fuel saving (%) as a function of integrated solar heat 
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(b) Temperature changes as a function of integrated solar heat 

Figure 9. Fuel saving (a) and temperature changes (b) for integration options A and B. 

4.1.2. Steam Cycle Integration 

When solar thermal power is integrated into the bottom steam cycle, attention must 

be paid to steam temperatures. If they rise too much, the direction of heat transfer might 

be reversed inside the HRSG. To prevent this issue, temperature evolutions inside the 

HRSG were controlled, obtaining the maximum solar thermal power that may be inte-

grated into the cycle. The detailed results from cases C and D are collected in Table A2. 

The results from the study of cases C and D are collected in Table 5. In both cases, the 

top gas cycle was unaffected by solar power integration. The configuration of case C al-

lowed to integrate a maximum of 15 MW solar thermal power before the superheater 

stage, avoiding the heat transfer reversal inside the HRSG, as depicted in the T-Q diagram 

shown in Figure 10. This configuration could reduce fuel consumption to 3.3 kg/s, a de-

crease of 3.49% of the original value. However, the total ISCC efficiency was 53.06%, lower 

than for the original cycle. On the other hand, the specific work per fuel unit mass in-

creased to 27.4 MJ/kg, leading to a potential reduction in emissions of 3.5 g CO2/kWh. For 

the configuration presented in case C, as the maximum temperature reached is 480 °C for 

15 MW of integrated solar power, the solar field used could be either PDR, heliostats, or 

even PTCs with molten salts as HTF. 

 

Figure 10. T-Q diagram for cases C and D (fuel saving). 

Table 5. Original CC vs. ISCC (case C and case D) “Fuel saving”. 

Mass Flowrates Original CC ISCC Case C ISCC Case D 

Fuel flowrate (kg/s) 3.42 3.3 3.15 

Fuel saving (%) -- 3.49 7.97 

Solar heat integration Original CC ISCC Case C ISCC Case D 

Integrated solar heat (MW) -- 15 3 

Cycle efficiency Original CC ISCC Case C ISCC Case D 

Gas turbine cycle (%) 39.84 39.84 39.84 

Combined cycle (%) 56.13 53.06 59.79 

Cycle power breakdown Original CC ISCC Case C ISCC Case D 

Compressor (kW) 62,450 60,266 57,471 

Gas turbine (kW) 126,727 122,294 116,622 

Gas cycle (kW) 64,277 62,028 59,152 

Steam cycle (kW) 26,292 28,542 31,417 
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Total net power (kW) 90,569 90,569 90,569 

Specific work per unit fuel mass flow (kJ/kg) 26,439 27,399 28,730 

CO2 emissions (Mt/year) 0.2971 0.2867 0.2734 

CO2 emissions saved (kg CO2/kWh) -- 0.0035 0.0083 

Regarding the configuration of case D, the maximum solar thermal power that could 

be integrated before the economizer was limited to 3 MW. However, looking at the T-Q 

diagram in Figure 10, the temperature evolutions of gas and steam are nearer, hinting at 

a more effective heat transfer inside the HRSG. Indeed, fuel saving reaches a maximum of 

7.97%, more than twice the value obtained with 15 MW solar power in case C with just 

one-fifth of the solar power integrated, as may be observed in Figure 11. Consequently, 

overall cycle efficiency increases up to 59.79%, the highest value of the four configurations 

studied for the fuel-saving operation mode. As collected in Table 5, case D reaches a spe-

cific work of 28.7 kJ/kg fuel, leading to potential savings of 8.3 g CO2/kWh with only 3 

MW of integrated solar power. In addition, due to the lower operating temperatures for 

the solar heat exchanger, PTCs and PDRs could be used, with PTC and synthetic oils be-

coming a feasible option. 

 

Figure 11. Fuel saving (%) for steam cycle integration options. 

4.2. Power-Boosting Mode 

4.2.1. Gas Cycle Integration 

Table 6 collects the results from power-boosting operation when solar power is inte-

grated into the top gas cycle. For case A, an extra power of 4 MW (4.41%) could be obtained 

by integrating 10 MW of solar thermal power. Generation capacity increased to 27.6 

MJ/kg. However, the back work ratio increases slightly to 49.3% due to the higher air-fuel 

ratio, and the cycle efficiency drops to 55.19%. Temperatures for this case reaches 379 °C 

at state 2g and 430 °C at state 2gnew, allowing the use of PTCs with solar molten salts, PDRs, 

or a heliostat field. Considering case B, global cycle parameters are the same as for case A. 

The main difference is the temperature of state 3g, which reaches 1129.5 °C for 10 MW of 

integrated solar thermal power, thus requiring a heliostat as the solar field technology. 

The evolution of power boosting and cycle efficiency as a function of the solar thermal 

power is depicted in Figure 12, where the increase in the power output alongside a slight 

decrease in the cycle efficiency becomes apparent. 
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Table 6. Original CC vs. ISCC (case A and case B) “Power boosting”. 

Solar Heat Integration Original CC ISCC Case C ISCC Case D 

Integrated solar heat (MW) -- 10 

Cycle efficiency Original CC ISCC Case C ISCC Case D 

Gas turbine cycle (%) 39.84 39.83 

Combined cycle (%) 56.13 55.19 

Cycle power breakdown Original CC ISCC Case C ISCC Case D 

Compressor (kW) 62,450 66,455 

Gas turbine (kW) 126,727 134,693 

Gas cycle (kW) 64,277 68,239 

Steam cycle (kW) 26,292 26,323 

Total net power (kW) 90,569 94,562 

Power boosted (%) -- 4.41 

Back work ratio (%) 49.279 49.33 

Specific work per unit fuel mass flow (kJ/kg) 26,439 27,605 

 

Figure 12. Power boosting (%) and cycle efficiency (%) for integration options A and B. 

4.2.2. Steam Cycle Integration: Flowrate Boosting 

Firstly, the results from flowrate boosting are discussed. In the configuration pro-

posed in case C, a maximum of 4 MW solar thermal power could be integrated before the 

superheater, resulting in the T-Q diagram represented in Figure 13. As shown in Table 7, 

the cycle output power increased to 112.5 MW (24.2% boost) thanks to the increase in the 

steam flowrate from 25 to 45.84 kg/s. Consequently, overall cycle efficiency increased by 

11.9%. Leaving the top gas cycle unaffected, it was possible to generate 32.8 MJ/kg fuel, 

increasing power production in 6.4 MJ/kg fuel. In case C, the maximum steam tempera-

ture at the solar heat exchanger was slightly above 300 °C, so selecting PTC technology 

with synthetic oil as HTF for the solar field becomes a feasible option. 

Regarding the configuration of case D, the maximum solar thermal power that could 

be integrated before the economizer reached 12 MW. In the T-Q diagram of the HRSG 

shown in Figure 14, it may be appreciated how water and gas temperatures became 

slightly closer at the economizer stage. As collected in Table 7, the maximum output power 

was around 98.7 MW (8.96% boost), with overall cycle efficiency increasing up to 56.93%. 

The work per fuel unit mass increased to 28.8 MJ/kg. In this configuration, solar integra-

tion at the economizer allows to use both PDRs and PTCs, with PTC easily matching the 

low operating temperature ranges for case D. 
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Figure 13. T-Q diagram for case C (flowrate power boosting). 

Table 7. Original CC vs. Flowrate boosting (case C and case D). 

Mass Flowrates Original CC ISCC Case C ISCC Case D 

LP evaporator mass flowrate (kg/s) 5 9.17 6.54 

HP evaporator mass flowrate (kg/s) 25 45.84 32.72 

Solar heat integration Original CC ISCC Case C ISCC Case D 

Integrated solar heat (MW) -- 4 12 

Cycle efficiency Original CC ISCC Case C ISCC Case D 

Gas turbine cycle (%) 39.84 39.84 39.84 

Combined cycle (%) 56.13 68.03 56.93 

Cycle power breakdown Original CC ISCC Case C ISCC Case D 

Gas cycle (kW) 64,277 64,277 64,277 

Steam cycle (kW) 26,292 48,214 34,412 

Total net power (kW) 90,569 112,491 98,689 

Power boosted (%) -- 24.2 8.96 

Specific work per unit fuel mass flow (kJ/kg) 26,439 32,840 28,810 

The evolution of the power boosted with respect to solar thermal power is depicted 

in Figure 15. Despite the limitation in the integrated solar power of 4 MW, the power 

boosting in case C, i.e., 24.2%, is almost three times the boost in case D for 12 MW of solar 

power: 8.96%. 

 

Figure 14. T-Q diagram for case D (flowrate power boosting). 
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Figure 15. Flowrate power boosting (%) for steam cycle integration configurations. 

4.2.3. Steam Cycle Integration: Parameter Boosting 

Parameter boosting was the other option studied for power boosting through solar 

power integration at the bottom steam cycle. For the configuration of case C, several HP 

evaporator pressure values were studied, from −50% to +50% of the original value in 10% 

interval steps. (Please refer to Tables A5 and A6 for detailed results.) Operating pressure 

affected the maximum solar power that could be integrated into the cycle, increasing from 

7 MW at −50% pressure to 9 MW at +50% pressure. Therefore, the comparison was per-

formed at 7 MW to select the optimum operating pressure. It was observed that integrat-

ing 7 MW of solar power at the original HP evaporator pressure increased power genera-

tion by 2.18%, as shown in Figure 16. This figure shows the evolution of power boosting 

as a function of working pressure for 7 MW of integrated solar power, where it may be 

appreciated that reducing the pressure increases the power boosted. The minimum and 

maximum power-boosting values of 1.37 and 2.82% were obtained for the extremes of the 

studied pressure range: −50% pressure and + 50% pressure. Overall cycle efficiency also 

varied between 54.54% for the +50% pressure case and 55.32% for the −50% pressure case, 

as depicted in Figure 17. For case C, PTC can be used as the solar field technology for all 

the pressure values studied. 

 

Figure 16. Parameter power boosting (%) at different pressure levels for case C. 
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Figure 17. Overall efficiency at different pressure levels for case C. 

As with −50% HP evaporator pressure the maximum power boost was obtained, the 

evolution of power boosting with respect to the integrated solar power is shown in Figure 

18. It may be observed that just reducing evaporating pressure increases overall output 

power by 0.86% (0.77 MW) even without solar power; however, for 7 MW, power is 

boosted by 2.82% (2.5 MW). Figure 19 shows the temperature distribution inside the 

HRSG for this last case, where it may be appreciated that exhaust gas temperatures come 

nearer to steam temperatures. 

 

Figure 18. Parameter power boosting as a function of integrated solar power for case C: −50% HP. 

 

Figure 19. T-Q diagram for case C parameter power boosting (−50% HP evaporator pressure). 
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Considering solar power integration before the economizer (case D), the evaporator 

operating pressure was also changed between −50% and +50% of the original pressure at 

10% intervals, with the detailed results collected in Tables A7 and A8. Again, the maxi-

mum solar thermal power that could be integrated was affected by the operating pressure, 

varying in the range between 1.5 and 2 MW. Hence, to compare results, a value of 1.5 MW 

was chosen. Figure 20 shows the power boosting as a function of the HP evaporator pres-

sure. When 1.5 MW solar power was integrated at original operating conditions, the de-

livered power increased by 4.9%. As in case C, the increase in operating pressure de-

creased output power, reaching the lowest increase of 4.35% at the +50% pressure case 

(58.04% cycle efficiency). Nevertheless, for case D, it was possible to find a maximum in 

power boosting for the −30% pressure case, reaching 5.01% power boosting with respect 

to the original CC. As with flowrate boosting in case D, integrating the solar field before 

the economizer makes PTC technology with synthetic oils a suitable option. 

 

Figure 20. Parameter power boosting (%) at different pressure levels for case D. 

Focusing on the −30% HP evaporator pressure, Figure 21 shows power boosting as a 

function of the integrated solar power, up to the maximum limit of 1.5 MW. It may be 

observed that the decrease in the evaporator pressure only increases overall output power 

by 41 kW (0.04%), so the effect of solar power integration becomes more determinant. 

Even with just 1.5 MW of solar power, power boosting is 5.01% (4.54 MW), with an overall 

cycle efficiency of 58.4%. Looking at the T-Q diagram of the HRSG under these conditions, 

shown in Figure 22, it may be appreciated that gas temperatures come much closer to 

water temperatures in both the economizer and superheater. 

 

Figure 21. Parameter power boosting (%) as a function of integrated solar power for case D: −30%. 



Processes 2024, 12, x FOR PEER REVIEW 22 of 33 
 

 

 

Figure 22. T-Q diagram for case D parameter power boosting (−30% LP evaporator pressure). 

5. Discussion 

From the analysis of the results, some considerations for solar thermal power inte-

gration in existing combined cycles were derived. Table 8 collects the main considerations 

obtained, while Figure 23 shows graphically the main guidelines to be followed for solar 

power integration, with the aim of providing the best course of action depending on the 

desired outcome. 

Regarding fuel-saving operation, cases A and B must adapt to the same gas turbine 

inlet conditions, so both were able to save the same amount of fuel when 10 MW solar 

thermal power was integrated: 6.23%. However, case A exhibited better flexibility in terms 

of the solar field technology to be used (parabolic dish reflectors or heliostat field collec-

tors), as it benefits from lower operating temperatures. For the steam cycle integration 

options, case C was only able to save 3.49% by requiring 15 MW of integrated solar ther-

mal power, resulting in the lowest fuel savings per MW of solar power. However, it was 

the configuration that could integrate the highest solar power: 15 MW. The configuration 

presented in case D, on the contrary, allowed to reduce fuel consumption by 7.97% with 

just 3 MW of solar power. Due to its lower operating temperatures, parabolic trough col-

lectors are a suitable option for solar power integration in the steam cycle. In addition, for 

the same integrated solar power of 3 MW, cases A and B were only able to save 1.87% of 

fuel, whereas case C had the lowest savings of all configurations: 0.65%. 

Considering power-boosting operation, cases A and B can boost power by 4.41% with 

10 MW of integrated solar power. However, the flowrate-boosting strategy with integra-

tion of solar power before the steam cycle superheater was found to have the best impact 

on the cycle. In this sense, an increase in cycle output power of 24.2% was found for case 

C when 4 MW of solar power was integrated. With the same solar power, case D was only 

able to increase cycle output power by 2.98%. Nevertheless, for the parameter-boosting 

strategy, the opposite behavior was observed. With 7 MW of integrated solar power, case 

C showed the lowest boosting performance, with only 2.82% when the HP evaporator 

pressure was reduced to half of that of the original cycle. On the other hand, with only 1.5 

MW of integrated solar power, case D was able to boost power by 5.01% when the HP 

evaporator pressure was reduced to 70% of the original value. 
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Table 8. Considerations for integration of solar thermal power in existing combined cycles. 

 Strategy Considerations/Recommendations for Solar Thermal Power Integration 

F
u

el
 s

av
in

g
 

A 

• Parabolic dish reflector or heliostat field collector technology must be used. 

• Parabolic trough collector could be an alternative, but HTF must withstand high temperatures 

(molten salts). 

• Recommended if implementation at the top gas cycle is requested. 

B 
• Heliostat field collector technology must be used. 

• Not recommended due to technology restrictions. 

C 

• Parabolic dish reflector or heliostat field collector technology must be used. 

• Parabolic trough collector could be an alternative, but HTF must withstand high temperatures 

(molten salts). 

• Lowest fuel saving per MW of solar thermal power. 

• Can absorb the highest solar thermal power. 

• Recommended for maximizing solar power integration. 

D 

• Can work with all solar field technologies and HTFs. 

• Highest fuel saving per MW of solar thermal power. 

• Highest ISCC efficiency achieved among fuel-saving cases. 

• Recommended for fuel-saving operation. 

P
o

w
er

 b
o

o
st

in
g

 

A 

• Parabolic dish reflector or heliostat field collector technology must be used. 

• Parabolic trough collector could be an alternative, but HTF must withstand high temperatures 

(molten salts). 

• Lowest power boosting per MW of solar thermal power. 

• Recommended if implementation at the top gas cycle is requested. 

B 

• Heliostat field collector technology must be used. 

• Lowest power boosting per MW of solar thermal power. 

• Not recommended due to technology restrictions and low efficiency. 

C 

Flowrate 

• Can work with all solar field technologies and HTFs. 

• Highest power boosting per MW of solar thermal power. 

• Highest ISCC efficiency achieved. 

• Recommended for power-boosting operation. 

Parameter 

• Can work with all solar field technologies and HTFs. 

• Low power boosting per MW of solar thermal power. 

• Not recommended. 

D 

Flowrate 

• Can work with all solar field technologies and HTFs. 

• Is clearly outperformed by flowrate option C. 

• Not recommended. 

Parameter 

• Can work with all solar field technologies and HTFs. 

• Maximizes power boosting for solar power < 1.5 MW. 

• Recommended for low solar thermal power values. 
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Figure 23. Optimum ISCC strategies depending on the desired outcome. 

Finally, the results of this work may be compared with relevant findings from the 

recent literature. Abdel Dayem et al. [28] found that the increase in DNI, due to changes 

in climate conditions, could increase steam turbine power by 10%. In the present work, it 

was found that with only 4 MW of solar power, the steam turbine power could be in-

creased by 24.2% with a flowrate-boosting strategy. The results from Aghdam et al. [32] 

revealed an increase of 2% in the plant efficiency and from 714 to 728 MW in the plant 

capacity when the solar field was integrated before the superheater of the bottom steam 

cycle. In the present work, for the same integration point and with a flowrate-boosting 

strategy, power was boosted by 24.2%, and the cycle efficiency increased by 11.9%. Com-

paring the results of the present work with the work of Barigozzi et al. [22], it was also 

found that power-boosting strategies with solar integration at the bottom steam cycle per-

formed better than those with integration at the top gas cycle. Behar [23] proposed PTCs 

with synthetic oil as HTF as the most efficient method for solar power integration at the 

bottom steam cycle. However, it was found that this technology is not suited for all types 

of solar integration at the bottom steam cycle (see case C for fuel saving). Nevertheless, 

PTC is the most suitable technology for most of the bottom steam cycle-integration cases. 

Elmohalawy [25] found an increase in thermal efficiency of 1.2% when steam was injected 

at the high pressure level. In the present work, the highest efficiency increase, 11%, was 

found when integrating solar power before the high-pressure superheater to heat satu-

rated steam. Finally, Ameri and Mohammadzadeh [34] found an increase of 6 MW in 

power generation and a reduction of 10 g/kWh in carbon emissions when the solar field 

was integrated before the superheater of the bottom steam cycle for a total power output 

of 300 MW. In the present work, output power was boosted by 22 MW (24.2%) and 2.6 

MW (2.82%) for flowrate and parameter boosting, respectively, and carbon emissions 

could be reduced by 3.5 g/kWh for total power outputs of 112.5 and 93.1 MW. 

6. Conclusions 

With the focus set on the optimization of the efficiency of combined cycles and a re-

duction in fuel consumption and carbon emissions, the integration of solar power in a real 

and existing combined cycle power plant was analyzed in this work. Using a thermody-

namic model, it is possible to provide recommendations for solar power integration in 

combined cycles depending on the desired outcome. In this sense, the results from this 

work could be valuable for the specific retrofitting of existing combined cycle power 

plants with different technical or environmental constraints. 

The integration of solar power increases the energy content of the cycle streams. In-

tegration at the top gas cycle level may be constrained due to the higher temperatures and 

technical requirements of the solar field and heat transfer fluid. In this sense, integration 
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should be performed after the compressor and before the combustion chamber to allow 

for the use of either parabolic dish reflectors or heliostat field collectors. However, high-

temperature heat transfer fluids such as molten salts should be used. It is thus advisable 

to integrate solar power at the bottom steam cycle to also allow for the use of parabolic 

trough collectors and other heat transfer fluids. 

Considering the effects of power integration on the cycle, if the objective is to inte-

grate as much solar power as possible, then the best option is to perform the integration 

before the superheater of the steam cycle for fuel saving. If the aim is to increase overall 

cycle efficiency, the best option is integrating solar power before the steam cycle super-

heater with a flowrate-boosting strategy. If focus is set on reducing fuel consumption and 

avoiding carbon emissions, then a fuel-saving strategy by solar power integration before 

the economizer is the best option. Finally, if the objective is to boost power as much as 

possible, depending on the available solar resource, two different strategies are recom-

mended. For small solar field sizes, a parameter-boosting strategy with solar integration 

before the economizer is the best choice. If there is no limit on the solar field size, flowrate 

boosting by integrating solar power before the superheater is the best option. 

Future works could focus on the dynamic study of the ISCC configurations proposed 

in this work, coupling the model to a comprehensive solar database for different locations. 

Another research interest could be coupling the ISCC with a heat storage system to con-

tinue using renewable energy during the night. In addition, combinations of the proposed 

integrating positions could be studied at the same time and compared with the single-

integration cases. Finally, a solar field design based on the maximum solar power to be 

integrated and an economic study could help to decide the best option for solar power 

integration for each particular situation. 
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Appendix A. Detailed Results of Each Studied Configuration 

Table A1. Original CC vs. ISCC (Case A and Case B) “Fuel saving”. 

Mass Flowrates Original CC ISCC Case A ISCC Case B 

Air to fuel ratio 50 53.39 53.39 

Turbine gas flowrate (kg/s) 174.7 174.7 174.7 

Air flowrate (kg/s) 171.28 171.49 171.49 

Fuel flowrate (kg/s) 3.42 3.21 3.21 

Fuel saving (%) -- 6.23 6.23 

LP evaporator mass flowrate (kg/s) 5 5 5 

HP evaporator mass flowrate (kg/s) 25 25 25 

Operating temperatures Original CC ISCC Case A ISCC Case B 

Compressor inlet (°C) 24 24 24 

Combustion chamber inlet (°C) 378 431 378 

Gas turbine inlet (°C) 1174 1174 1174 
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Gas turbine outlet (°C) 549 549 549 

Solar heat integration Original CC ISCC Case A ISCC Case B 

Integrated solar heat (MW) -- 10 

Cycle efficiency Original CC ISCC Case A ISCC Case B 

Gas turbine cycle (%) 39.84 39.85 

Combined cycle (%) 56.13 56.15 

Cycle power breakdown Original CC ISCC Case A ISCC Case B 

Compressor (kW) 62,450 62,450 62,450 

Gas turbine (kW) 126,727 126,727 126,727 

Gas cycle (kW) 64,277 64,277 64,277 

Steam cycle (kW) 26,292 26,292 26,292 

Total net power (kW) 90,569 90,569 90,569 

Back work ratio (%) 49.279 49.279 49.279 

Specific work per unit fuel mass flow (kJ/kg) 26,439 28,198 28,198 

CO2 emissions (Mt/year) 0.2971 0.2785 0.2785 

CO2 emissions saved (kg CO2/kWh) -- 0.0064 0.0064 

Table A2. Original CC vs. ISCC (Case C and Case D) “Fuel saving”. 

Mass Flowrates Original CC ISCC Case C ISCC Case D 

Air to fuel ratio 50 50 50 

Turbine gas flowrate (kg/s) 174.7 168.59 160.7 

Air flowrate (kg/s) 171.28 165.28 157.61 

Fuel flowrate (kg/s) 3.42 3.3 3.15 

Fuel saving (%) -- 3.49 7.97 

LP evaporator mass flowrate (kg/s) 5 5 5 

HP evaporator mass flowrate (kg/s) 25 25 25 

Operating temperatures Original CC ISCC Case C ISCC Case D 

Compressor inlet (°C) 24 24 24 

Combustion chamber inlet (°C) 378 378 378 

Gas turbine inlet (°C) 1174 1174 1174 

Gas turbine outlet (°C) 549 549 549 

Solar heat integration Original CC ISCC Case C ISCC Case D 

Integrated solar heat (MW) -- 15 3 

Cycle efficiency Original CC ISCC Case C ISCC Case D 

Gas turbine cycle (%) 39.84 39.84 39.84 

Combined cycle (%) 56.13 53.06 59.79 

Cycle power breakdown Original CC ISCC Case C ISCC Case D 

Compressor (kW) 62,450 60,266 57,471 

Gas turbine (kW) 126,727 122,294 116,622 

Gas cycle (kW) 64,277 62,028 59,152 

Steam cycle (kW) 26,292 28,542 31,417 

Total net power (kW) 90,569 90,569 90,569 

Back work ratio (%) 49.279 49.279 49.279 

Specific work per unit fuel mass flow (kJ/kg) 26,439 27,399 28,730 

CO2 emissions (Mt/year) 0.2971 0.2867 0.2734 

CO2 emissions saved (kg CO2/kWh) -- 0.0035 0.0083 
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Table A3. Original CC vs. ISCC (Case A and Case B) “Power boosting”. 

Mass Flowrates Original CC ISCC Case A ISCC Case B 

Air to fuel ratio 50 53.2 

Turbine gas flowrate (kg/s) 174.7 185.68 

Air flowrate (kg/s) 171.28 182.25 

Fuel flowrate (kg/s) 3.42 3.42 3.42 

LP evaporator mass flowrate (kg/s) 5 5 5 

HP evaporator mass flowrate (kg/s) 25 25 25 

Operating temperatures Original CC ISCC Case A ISCC Case B 

Compressor inlet (°C) 24 24 24 

Combustion chamber inlet (°C) 378 430 378 

Gas turbine inlet (°C) 1174 1174 1174 

Gas turbine outlet (°C) 549 549 549 

Solar heat integration Original CC ISCC Case A ISCC Case B 

Integrated solar heat (MW) -- 10 

Cycle efficiency Original CC ISCC Case A ISCC Case B 

Gas turbine cycle (%) 39.84 39.83 

Combined cycle (%) 56.13 55.19 

Cycle power breakdown Original CC ISCC Case A ISCC Case B 

Compressor (kW) 62,450 66,455 

Gas turbine (kW) 126,727 134,693 

Gas cycle (kW) 64,277 68,239 

Steam cycle (kW) 26,292 26,323 

Total net power (kW) 90,569 94,562 

Power boosted (%) -- 4.41 

Back work ratio (%) 49.279 49.33 

Specific work per unit fuel mass flow (kJ/kg) 26,439 27,605 

Table A4. Original CC vs. ISCC (Case C and Case D) “Flowrate boosting”. 

Mass Flowrates Original CC ISCC Case C ISCC Case D 

Air to fuel ratio 50 50 50 

Turbine gas flowrate (kg/s) 174.7 174.7 174.7 

Air flowrate (kg/s) 171.28 171.28 171.28 

Fuel flowrate (kg/s) 3.42 3.42 3.42 

LP evaporator mass flowrate (kg/s) 5 9.17 6.54 

HP evaporator mass flowrate (kg/s) 25 45.84 32.72 

Operating temperatures Original CC ISCC Case C ISCC Case D 

Compressor inlet (°C) 24 24 24 

Combustion chamber inlet (°C) 378 378 378 

Gas turbine inlet (°C) 1174 1174 1174 

Gas turbine outlet (°C) 549 549 549 

Inlet steam temperature (°C) 457 416.5 423 

Pinch temperature (°C) 17.5 17.3 17 

Economizer outlet temperature (°C) 228 192.5 254.5 

Approach temperature (°C) 28 62 0.5 

Operating pressures Original CC ISCC Case C ISCC Case D 

Inlet steam pressure (bar) 43 43 43 

LP evaporator pressure (bar) 2.4 2.4 2.4 

Condenser pressure (bar) 0.08 0.08 0.08 

Solar heat integration Original CC ISCC Case C ISCC Case D 
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Integrated solar heat (MW) -- 4 12 

Cycle efficiency Original CC ISCC Case C ISCC Case D 

Gas turbine cycle (%) 39.84 39.84 39.84 

Combined cycle (%) 56.13 68.03 56.93 

Cycle power breakdown Original CC ISCC Case C ISCC Case D 

Compressor (kW) 62,450 62,450 62,450 

Gas turbine (kW) 126,727 126,727 126,727 

Gas cycle (kW) 64,277 64,277 64,277 

Steam cycle (kW) 26,292 48,214 34,412 

Total net power (kW) 90,569 112,491 98,689 

Power boosted (%) -- 24.2 8.96 

Back work ratio (%) 49.279 49.279 49.279 

Specific work per unit fuel mass flow (kJ/kg) 26,439 32,840 28,810 

Table A5. Original CC vs. Parameter boosting “Case C” (+10%, +20%, +30%, +40%, and +50%). 

Mass Flowrates 
Original 

ISCC 

ISCC “Case C” (Superheater) 

+10% +20% +30% +40% +50% 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 491 491 490.5 490.5 490 489.5 

Pinch temperature (°C) 19.3 19 18.5 18.2 17.9 17.5 

Economizer outlet temperature (°C) 228 232.5 237 241 244.5 48 

Approach temperature (°C) 26.5 27.5 29 30 31 32 

Operating pressures 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Inlet steam pressure (bar) 2.4 2.64 2.88 3.12 3.36 3.6 

LP evaporator pressure (bar) 43 47.3 51.6 55.9 60.2 64.5 

Condenser pressure (bar) 0.08 

Solar heat integration 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Integrated solar heat (MW) 7 

Cycle efficiency 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 54.97 54.89 54.81 54.72 54.63 54.54 

Cycle power breakdown 
Original 

ISCC 
+10% +20% +30% +40% +50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 
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Steam cycle (kW) 28,265 28,128 27,987 27,843 27,694 27,539 

Total net power (kW) 92,542 92,405 92,264 92,120 91,971 91,816 

Power boosted (%) 2.18 2.02 1.87 1.71 1.55 1.37 

Back work ratio (%) 49.279 

Specific work per unit fuel mass flow (kJ/kg) 27,016 26,976 26,935 26,892 26,849 26,804 

Table A6. Original CC vs. Parameter boosting “Case C” (−10%, −20%, −30%, −40%, and −50%). 

Mass Flowrates 
Original  

ISCC 

ISCC “Case C” (Superheater) 

−10% −20% −30% −40% −50% 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator mass flowrate (kg/s) 5 

HP evaporator mass flowrate (kg/s) 25 

Operating temperatures 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 491 491 491 491 491 490.5 

Pinch temperature (°C) 19.3 19.7 20 20.5 21. 21.5 

Economizer outlet temperature (°C) 228 223 218 212 205 197.5 

Approach temperature (°C) 26.5 25 23.5 22 20.5 18.5 

Operating pressures 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Inlet steam pressure (bar) 43 38.7 34.4 30.1 25.8 21.5 

LP evaporator pressure (bar) 2.4 2.16 1.92 1.68 1.44 1.2 

Condenser pressure (bar) 0.08 

Solar heat integration 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Integrated solar heat (MW) 7 

Cycle efficiency 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 54.97 55.05 55.12 55.19 55.26 55.32 

Cycle power breakdown 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 28,265 28,396 28,521 28,640 28,750 28,849 

Total net power (kW) 92,542 92,673 92,798 92,917 93,027 93,126 

Power boosted (%) 2.18 2.32 2.46 2.59 2.71 2.82 

Back work ratio (%) 49.279 

Specific work per unit fuel mass flow (kJ/kg) 27,016 27,054 27,091 27,125 27,157 27,186 
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Table A7. Original CC vs. Parameter boosting “Case D” (+10%, +20%, +30%, +40%, and +50%). 

Mass Flowrates Original ISCC 
ISCC “Case D” (Economizer) 

+10% +20% +30% +40% +50% 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator (kg/s) 5 

HP evaporator kg/s) 25 

Operating temperatures Original ISCC +10% +20% +30% +40% +50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 

Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 534 534.5 535 535 535 534.5 

Pinch temperature (°C) 15 15 14.5 14 13.5 13.5 

Economizer outlet temperature (°C) 229 233 236 239.5 242 245 

Approach temperature (°C) 25.5 27.5 29.5 31.5 33.5 35 

Operating pressures Original ISCC +10% +20% +30% +40% +50% 

Inlet steam (bar) 43 47.3 51.6 55.9 60.2 64.5 

LP evaporator (bar) 2.4 2.64 2.88 3.12 3.36 3.6 

Condenser (bar) 0.08 

Solar heat integration Original ISCC +10% +20% +30% +40% +50% 

Integrated solar heat (MW) 1.5 

Cycle efficiency Original ISCC +10% +20% +30% +40% +50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 58.34 58.3 58.24 58.18 58.65 58.04 

Cycle power breakdown Original ISCC +10% +20% +30% +40% +50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 30,733 30,660 30,573 30,472 30,360 30,237 

Total net power (kW) 95,010 94,937 94,850 94,749 94,637 94,514 

Power boosted (%) 4.9 4.82 4.72 4.61 4.49 4.35 

Back work ratio (%) 49.279 

Specific work per unit fuel mass flow (kJ/kg) 27,736 27,715 27,689 27,660 27,627 27,591 

Table A8. Original CC vs. Parameter boosting “Case D” (−10%, −20%, −30%, −40%, −50%). 

Mass Flowrates 
Original 

ISCC 

ISCC “Case D” (Economizer) 

−10% −20% −30% −40% −50% 

Turbine gas flowrate (kg/s) 174.7 

Air flowrate (kg/s) 171.27 

Fuel flowrate (kg/s) 3.42 

LP evaporator (kg/s) 5 

HP evaporator kg/s) 25 

Operating temperatures 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Compressor inlet (°C) 24 

Combustion chamber inlet (°C) 379 

Gas turbine inlet (°C) 1174 
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Gas turbine outlet (°C) 549 

Inlet steam temperature (°C) 534 533 532 530 527.5 524.5 

Pinch temperature (°C) 15 15.5 16 16.5 17.5 18 

Economizer outlet temperature (°C) 229 225 221 216 211 205 

Approach temperature (°C) 25.5 23 20.5 18 14.5 11 

Operating pressures 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Inlet steam (bar) 43 38.7 34.4 30.1 25.8 21.5 

LP evaporator (bar) 2.4 2.16 1.92 1.68 1.44 1.2 

Condenser (bar) 0.08 

Solar heat integration 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Solar heat (MW) 1.5 

Cycle efficiency 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Gas turbine cycle (%) 39.84 

Combined cycle (%) 58.34 58.38 58.4 58.4 58.39 58.35 

Cycle power breakdown 
Original 

ISCC 
−10% −20% −30% −40% −50% 

Compressor (kW) 62,450 

Gas turbine (kW) 126,727 

Gas cycle (kW) 64,277 

Steam cycle (kW) 30,733 30,788 30,823 30,833 30,811 30,746 

Total net power (kW) 95,010 95,065 95,100 95,110 95,088 95,023 

Power boosted (%) 4.9 4.96 5 5.01 4.98 4.92 

Back work ratio (%) 49.279 

Specific work per unit fuel mass flow (kJ/kg) 27,736 27,752 27,762 27,765 27,759 27,740 
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