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ABSTRACT 

 

M. Sc. Thesis 

 

THERMODYNAMIC AND EXERGO-ECONOMIC ANALYSIS OF A 

COMBINED POWER PLANT ON GAS TURBINE CYCLE AND ORGANIC 

RANKINE CYCLE 

 

Alaa Fadhil KAREEM 

 

Karabük University 

Institute of Graduate Programs 

The Department of Mechanical Engineering 

 

Thesis Advisor: 

Assist. Prof. Dr. Abdulrazzak AKROOT 

January 2023, 68 pages 

 

Organic Rankine cycles (ORCs) are a suitable approach to transform low-quality 

thermal energy into electricity. Additionally, the release of waste heat to the 

atmosphere from the exhaust gases produced during the top cycle of the energy 

conversion systems is avoided. The main objective of this work is to integrate the Taji 

gas station, which is in Baghdad, with the Rankine cycle and organic Rankine cycle to 

verify waste heat recovery to produce extra electricity and reduce emissions into the 

environment. Thermodynamic and exergo-economic assessment of the combined 

Brayton cycle-Rankine cycle/Organic Rankin cycle (GSO CC) system, considering 

the three objective functions of First and Second Law efficiencies and the total cost 

rates of the system, were applied. According to the findings, 258.2 MW of power is 

produced from the GSO CC system, whereas 167.3 MW of power is created for the 

Brayton cycle (BC) at the optimum operating condition. It was demonstrated that the 
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overall energy and exergy efficiencies respectively are 44.37% and 42.87% for the 

GSO CC system, while they are 28.74% and 27.75% respectively for the Brayton 

cycle. Moreover, the GSO CC system is $9.03/MWh, whereas it is $8.24/MWh for 

BC. The results also indicate that the network of the GSO CC system decreases as the 

pressure ratio increases. Nonetheless, the GSO CC system’s efficiencies and costs 

increase with a rise in the pressure ratio until they reach a maximum and then decrease 

with further pressure ratio increases. The increase in the gas turbine inlet temperature 

and isentropic efficiency of the air compressor and gas turbine enhances the 

thermodynamic performance of the system; however, a further increase in these 

parameters increases the overall cost rates. 

 

Keywords : Exergo-economic analysis, Cost rate, Thermodynamic combined 

cycle, organic Rankine cycle. 

Science Code : 91436 
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Yüksek Lisans Tezi 

 

KOMBİNE BİR ELEKTRİK SANTRALİNİN GAZ TÜRBİNİ ÇEVRİMİ VE 

ORGANİK RANKİNE ÇEVRİMİ ÜZERİNDE TERMODİNAMİK VE 

EXERGO-EKONOMİK ANALİZİ 

 

Ala Fadhil KAREEM 

 

Karabük Üniversitesi 

Lisansüstü Eğitim Enstitüsü 

Makine Mühendisliği Bölümü 

 

Tez Danışmanı: 

Dr. Öğr. Üyesi Abdulrazzak AKROOT 

Ocak 2023, 68 sayfa 

 

Organik Rankine çevrimleri (ORC'ler), düşük kaliteli termal enerjiyi elektriğe 

dönüştürmek için uygun bir yaklaşımdır. Ayrıca, enerji dönüşüm sistemlerinin en üst 

çevrimi sırasında oluşan egzoz gazlarının atık ısısının atmosfere salınması engellenir. 

Bu çalışmanın temel amacı, fazladan elektrik üretmek ve çevresel emisyonları 

azaltmak için atık ısı geri kazanımını doğrulamak için Bağdat'ta bulunan Taji benzin 

istasyonunu Rankine çevrimi ve organik Rankine çevrimi ile entegre etmektir. 

Kombine Brayton çevrimi-Rankine çevrimi / Organik Rankin çevrimi (GSO CC) 

sisteminin termodinamiği ve eksergo-ekonomik değerlendirmesi, birinci ve ikinci yasa 

verimliliklerinin üç amaç fonksiyonu ve sistemin toplam maliyet oranları dikkate 

alınarak uygulanmıştır. Elde edilen bulgulara göre GSO CC sisteminden 258,2 MW 

güç üretilirken optimum çalışma koşulunda Brayton çevrimi (BC) için 167,3 MW güç 

üretiliyor. Toplam enerji ve ekserji verimlerinin GSO CC sistemi için %44,37 ve 
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%42,87 olduğu, Brayton çevrimi için ise %28,74 ve %27,75 olduğu gösterilmiştir. 

Ayrıca GSO CC sistemi 9,03 $/MWh iken BC için 8,24 USD/MWh'dir. Sonuçlar 

ayrıca GSO CC sisteminin iş ağının basınç oranı arttıkça azaldığını da göstermektedir. 

Bununla birlikte, GSO CC sisteminin verimlilikleri ve maliyetleri, maksimuma 

ulaşana kadar basınç oranındaki artışla artar ve daha sonra basınç oranı arttıkça azalır. 

Hava kompresörü ve gaz türbininin gaz türbini giriş sıcaklığındaki ve izantropik 

verimliliğindeki artış, sistemin termodinamik performansını artırır; bununla birlikte, 

bu parametrelerdeki daha fazla artış, toplam maliyet oranlarını artırır. 

 

Anahtar Kelimeler : Eksergo-ekonomik analiz, Maliyet oranı, Termodinamik 

kombine çevrim, organik Rankine çevrimi. 

Bilim Kodu : 91436 
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SYMBOLS AND ABBREVITIONS INDEX 

 

SYMBOL 

 

𝑚̇𝑖𝑛 : Total mass flow entering per unit of time 

𝑚̇𝑜𝑢𝑡 : Total mass flow exiting per unit time 

𝑄̇  : Heat transfer per unit time 

𝑊̇ : Work done by the control volume per unit time 

ℎin  : Specific enthalpy per mass entering the system 

ℎ𝑜𝑢𝑡 : Specific enthalpy per mass leaving the system 

𝑠0 : Specific entropy of mass entering the open system 

𝑠 : Specific entropy of mass emanating from the open system 

𝑇0 : Boundary temperature between the open system and the environment 

𝐸̇ : Exergy flows 

𝜓 : Specific exergy 

𝐸̇𝑃,𝐴𝐶 : Product exergy for the compressor 

𝐸̇𝑓,𝐴𝐶 : Fuel exergy for the compressor 

𝜀AC : Exergy efficiency exergy for the compressor 

𝑃𝐸𝐶 : Equipment purchase cost in US dollars 

𝜑 : Maintenance factor (1.06) 

CRF : Capital Recovery Factor 

i : Interest rate (considered to be 10%) 

n : System lifetime (considered to be 20 years) 

𝐶 : is the cost rate ($/h) 

𝑍̇𝑘 : represents the entire cost rate related to capital investment and operation 

and maintenance costs component k 
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BC : Brayton cycle 

RC : Rankine cycle 

ORC : Organic Rankine cycle 

GSO CC : Gas steam Organic combined cycle 

GT : Gas turbine 

CC : Combustion chamber 

AC : Air compressor 

P : Pump 

CON : Condenser 

ST : Steam turbine 

HRSG : Heat recovery steam generation 

HE : Heat exchanger 

ORT : Organic Rankine turbine 

HRB : Heat recovery boiler 

GTIT : Gas turbine inlet temperature 

EES : Engineering Equation Solver 
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PART 1 

 

INTRODUCTION 

 

 1.1. GENERAL 

 

Energy has become a critical need from which people benefit in their daily lives. This 

makes the trend toward energy production more attractive. Many sources, such as 

wind, solar, tidal, fossil, and nuclear energy, are used in energy production. For 

developing countries, the energy obtained by fossil fuels maintains its importance and 

is increasingly coming to the fore. This trend increases investments in energy 

production facilities using fossil fuels. A combined cycle power plant (CCPP) is one 

type of energy production facility in existence around the world and in our country in 

which fossil fuels are used. Many current studies aim to reduce production costs and 

maximize energy outputs in response to the rising demand for energy. Therefore, there 

have been enhancements to the technology used to provide energy. There has been a 

notable shift in recent years toward using renewable energy sources and power plants 

with a smaller carbon footprint and less impact on the planet’s climate. 

Thermodynamic analysis, used to identify inefficiencies, and followed by the creation 

of practical alternatives, is the most efficient method for the reduction of energy losses 

in a system. In line with the results obtained by conducting energy and exergy analyses, 

it is emphasized that the improvements to increase the thermal efficiency of power 

plants can be evaluated more effectively. In addition, energy and exergy analyses are 

applied together in studies on understanding the effects of changing environmental 

conditions on the thermal efficiency of thermal power plants and optimizing plant 

designs according to environmental conditions or the selection of a location. In some 

of these studies, modeling and simulation applications were used employing computer 

software in thermodynamic analysis. By running the same thermodynamic analyses 

several times at varied values for variables such as thermal power plant operating load, 
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outside temperature, outdoor air pressure, outdoor relative humidity, and cooling water 

temperature, it is now simpler to identify the impacts on thermal efficiency. 

 

The Taji gas station was established to produce electric power in 1976 in Baghdad. It 

operates on liquid and gaseous fuels and consists of seven generating units. The 

designed energy production per unit is 25 megawatts. In 2012, four new generating 

units were added, each producing 40 megawatts. 

 

Thermal efficiency between 30% and 40% can be obtained using only the gas turbine. 

However, in addition to the Brayton cycle, steam can be produced in the waste heat 

recovery generation and generated in the Rankine cycle. By using only waste heat 

without burning extra fuel, the thermal efficiency level can be increased between 50% 

and 60% with the help of newly developed technologies. Power plants that generate 

power in this manner are called combined cycle power plants. 

 

1.2. PROBLEM STATEMENT 

 

Energy is now the primary driver of nation-building, industrialization, and the 

expansion of developed nations through increasing production. Because nations’ 

desires for development and empowerment are growing, so too is their need for energy 

to a significant extent. The world’s energy needs are currently being met using fossil 

fuels. It is crucial to ensure that these fuels are used effectively and efficiently while 

the search for alternate energy sources intensifies. In addition, there has been a rise in 

the preference for renewable energy sources versus depleting sources for 

environmental and economic reasons. Using fossil fuels increases environmental 

dangers, such as excessive carbon dioxide emissions and global warming. For these 

reasons, research is being conducted to improve the efficiency of current production 

systems or use more renewable resources to produce energy. Waste heat recovery 

methods are one way to use already available resources better. 

 

Energy conservation is the practice of producing and using energy as efficiently as 

possible, eliminating energy losses, identifying the energy requirements that will not 

impede economic development and quality of life, and halting or limiting the growth 
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in energy consumption. The industry examines energy efficiency and savings in 

various ways, and energy analysis improves system performance. By looking at the 

system thermos-economically, it is intended to lower energy costs and boost energy 

efficiency in this context. The primary power generation system can be integrated with 

other systems to recover significant waste heat. Systems that generate power 

simultaneously can produce more electricity. Through this research, we hope to create 

a Rankine cycle and an organic Rankine cycle (ORC) and combine them with the Taji 

gas station in Baghdad to recover waste heat, produce additional electricity and reduce 

environmental emissions. 

 

Iraq suffers from a major shortage of electrical power which causes significant losses 

to the national economy and disrupts the wheel of reconstruction and progress. The 

lack of a reliable power source from the grid has also led to the widespread installation 

of private diesel generators, the continuous operation of which imposes high costs, and 

creates noise and air pollution as they release large amounts of carbon into the 

atmosphere. It is estimated that the losses in the Iraqi economy attributable to this 

energy shortage exceed $40 billion annually. 

 

Therefore, alternative solutions must be found to increase the production of electricity. 

One of these solutions is the subject of our research: to take advantage of exhaust gas 

heat, as the lost heat from turbine exhausts is recovered to generate steam. The steam 

from the waste heat is forced through a steam turbine to provide additional electricity 

and to reduce pollution from exhaust emissions. 

 

1.3. THERMAL POWER PLANT 

 

The term “thermal power cycle plant” refers to systems that may produce heat and 

electricity from a single engine in several forms using only one fuel input. CHP is also 

known as a cogeneration system or a combined heat and power system. Although 

natural gas is typically the fuel input, other options include fuel oil, biogas, and 

biofuel [1]. Today, thermal power plant systems are extensively employed. Both 

generate electricity from fuel inputs and boost system efficiency by producing steam 

and hot water while somewhat lowering the cost of the facility’s energy requirements. 
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When a combined system power plant is used, the losses in the system result from the 

conversion of the waste heat of the gas engine to the system’s reusable energy. Thus, 

the system functions more effectively and is given energy efficiency [2]. 

 

CHP is a high-tech system that uses the waste heat generated by the fuel utilized with 

the gas engine. The efficiency of the cycle as a whole is improved, particularly for 

CO2, and greenhouse gas emissions are significantly reduced [3]. Thermal power cycle 

plants create steam and hot water by converting the exhaust heat from the system into 

usable energy. In conclusion, it enables the creation of several heat and electricity 

sources using a single system. Additionally, the thermal efficiency of the system is 

boosted by limiting the direct emission of waste heat from the system through exhaust 

after power generation and ensuring that the waste heat is evaluated. Gas-engine 

thermal power-cycle power plants are both more effective in terms of efficiency and 

more sophisticated in terms of system technology than thermal power plants that 

generate electricity using natural gas [4]. The production of steam and hot water using 

the waste heat energy released after electrical energy is generated is the most 

distinguishing characteristic of the gas engine thermal power conversion plant 

compared to traditional power plants. Gas turbine and waste heat recovery systems are 

the two main categories under which combined power system components are often 

categorized [5]. 

 

1.3.1. Gas Turbine Thermal Power Cycle Plant  

 

The Brayton cycle, developed by George Brayton around 1870, is used in motors that 

run on reciprocating oil [6]. It is now only practical for gas turbines, which perform 

compression and expansion using spinning machinery [7]. As shown in Figure 1.1, 

combustion is achieved in gas turbine thermal power cycle facilities by combining 

compressed air and fuel through the compressor. The turbine section receives the 

energy from combustion and transfers it to the shaft to cause the shaft to rotate 

mechanically and produce electricity [8]. 
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Figure 1.1. Gas Turbine System [8]. 

 

Gas turbines, as depicted above, typically operate in what is called an open cycle. 

Atmospheric air is sucked into the compressor, which is heated and compressed. The 

fuel is continuously burned in a chamber where high-pressure air is injected [9]. The 

expanded, high-temperature gases next enter the turbine, where their pressure is 

reduced to that of the surrounding air. It is considered an open cycle since the turbine 

exhaust is released into the atmosphere rather than recycled. A closed cycle is an 

alternative way of seeing the open gas turbine cycle described above. Gas turbines rely 

heavily on natural gas as a fuel source [10]. Other options include biogas, kerosene, 

distillates, LPG, and liquid fuels. System configurations utilizing gas turbines often 

operate at very high temperatures and velocities. This necessitates the highest-grade 

fuel available. Particularly, the particles in the combustion gases that can erode the 

turbine blades must be eliminated. Moreover, corrosion-causing impurities should be 

kept below a threshold [11]. 

 

1.3.2. Waste Heat Recovery Systems  

 

The simplest definition of waste heat is the thermal energy that develops after a process 

and leaves the system unutilized. According to the rules of thermodynamics, waste 

heat is produced in every operation that has thermodynamic cycles. When assessing 

waste heat, quality matters more than quantity. Waste heat recovery methods are 

selected in accordance with these temperature values since waste heat quality is 

temperature-dependent [12]. Almost any temperature which varies depending on the 
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process type can release waste heat into the environment. High waste heat 

temperatures typically indicate better quality and more effective heat recovery [13]. 

 

Thermodynamic cycles are typically seen in systems created for energy recovery from 

exhaust gases. In its most basic form, a thermodynamic cycle for heat recovery consists 

of two heat exchangers, one acting as an evaporator and the other as a condenser, a 

pump for pressure increase and circulation, a turbine for mechanical power generation 

and expansion to the low-pressure stage, and a working fluid that transfers energy. 

With waste heat recovery systems, the efficiency of the gas power cycle has 

significantly increased [14,15].  

 

1.4. RANKINE CYCLE 

 

The Rankine cycle, or the Rankine steam cycle, is the most widely used cycle in power 

production plants such as nuclear reactor plants or power plants that use coal in their 

work, where fuel is used to produce great heat inside a boiler in which water is 

converted into steam. The steam expands inside turbines to produce useful work. This 

process was developed by the Scottish engineer William J.M. Rankin in 1859 [16]. 

This is considered a thermodynamic cycle, where heat is converted into mechanical 

and electrical energy by generating electricity. 

 

The steps of the Rankine cycle are explained in Figure 1.2 and in Figure 1.3 on the 

volume-pressure diagram [17,18]. 

 

• Pump: The pumped liquid pressure is increased (this takes work) (Figure 1.3: 

Steps 3 and 4). 

• Boiler: The pressurized liquid is converted by heating to the final temperature at 

the boiling point (Figure 1.3: Steps 4 to 1). 

• Turbine: Pressure is reduced by an expansion process that occurs in the turbine. 

This results in work (Figure 1.3: Steps 1 and 2). 

• Condenser: In the condenser, the process of condensing steam takes place, and 

the heat from condensation goes into the atmosphere (Figure 1.3: Steps 2 and 3). 

 

https://energyeducation.ca/encyclopedia/Work
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Figure 1.2. A simple schematic drawing of the components of the Rankine cycle [19]. 

 

 

Figure 1.3. Volume-pressure diagram for a Rankine cycle using water as the working 

fluid [19]. 

javascript:%20void(0)
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Figure 1.4. Temperature-entropy diagram for a Rankine cycle [18]. 

 

Because of the high heat of evaporation, the efficiency of the Rankine cycle is limited, 

so the liquid must be reused, i.e., recycled continuously. Therefore, water is the most 

used liquid in this cycle. This is what makes us find many energy-producing stations 

near water bodies because of the waste heat . 

 

In the condenser, water is condensed and turned into water vapor, and in the process, 

waste heat is emitted  .This steam flows from the station’s cooling towers and can be 

seen as it flows from the cooling towers  .This waste heat is essential to any 

thermodynamic cycle. As a result of condensation, the pressure is low at the outlet of 

the turbine, which reduces the work required for the pump’s water pressure, increasing 

the cycle’s overall efficiency [19]. 

 

1.5. BRAYTON CYCLE 

 

The Brayton cycle is a thermodynamic cycle used for gas turbines and jet engines. The 

cycle begins with the pressure of the surrounding air; then, the fuel is mixed with the 

air, after which the mixture is ignited. This mixture expands and does the necessary 

work. The efficiency of the Brayton cycle can be increased by circulating hot air. In 

turn, the fresh air coming through it is heated, i.e., the amount of fuel required to heat 

the fresh air is reduced, which increases the efficiency of the cycle. In physics terms, 

the Brayton cycle is of constant pressure and expands when heating and cooling are 

equal to pressure, and the efficiency of other cycles can be increased [20]. 
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Some attempts have been made to change the idea of the Brayton cycle in the designs 

of nuclear power plants by using hot gas from the reactor core to operate the turbine, 

as in the example of the standard Pebble-Bed reactor [21]. Despite research and 

significant development, this is still difficult and unsuccessful in South Africa in 

certain molten salt reactors. A steam engine is used in the nuclear reactors that operate 

in the Rankine cycle instead, and this necessitates that we adopt the current models, 

which are cooled by gas, using this heated gas to heat the water for the steam engine 

turbines [22]. 

 

 

Figure 1.5. Reheat and regeneration in the Brayton cycle [23]. 

 

1.6. ORGANIC RANKINE CYCLE 

 

It is known that the Organic Rankine cycle uses an organic liquid. In contrast, water is 

used as the working fluid of the organic liquid and has a high molecular mass as its 

principle of operation. It is similar to the work of the classic Rankine cycle, which 

consists of a pump pumping the working fluid to the boiler where it evaporates [24]. 

Then it proceeds through an expanding device (turbine) and finally goes into a heat 

exchanger (condenser) in which it is recycled as condensation of the working fluid, as 

seen in Figure 1-6.  Compared to the classic Rankine cycle, this cycle works  at a  low 
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temperature (< 232°C). It is thermally economical as Rankine heat is recovered from 

low-temperature sources such as solar energy, biomass, geothermal, and industrial 

waste heat applications [25]. 

 

In 1824, the notion of employing other working fluids instead of water in heat engines 

was proposed. Organic fluids produced from petroleum were employed in internal 

combustion engines for the first time in 1853 [26]. In 1895, Frank W. Ufeldt developed 

an alcohol-water combination technique for ship propulsion. In the late 1950s, this 

cycle was developed by Lucien Brunecki and Hari Zvi Tabor in Naphtha engines, 

which are similar to ORC engines in principle for other applications, and were in use 

as early as the 1890s [27]. 

 

 

Figure 1.6.  Schematic of the Organic Rankine cycle that recovers heat from waste 

emissions [12]. 

 

1.7. COMBINED POWER PLANT 

 

A gas turbine is used in the combined cycle energy system to operate the electric 

generator, and the heat lost by the turbine exhaust is used to generate steam. The steam 
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resulting from the waste heat is employed in steam turbines to increase electricity 

production. The increase in electrical efficiency due to the combined cycle system is 

50-60%. This is a significant improvement over the simple open-cycle application, 

with an efficiency of approximately 33% [28]. 

 

The combined cycle power system is the best for most large onshore power plants. The 

technology has also been used in offshore installations for more than ten years. These 

offshore installations are designed with an open cycle gas turbine to save capital costs, 

volume, and low weight per megawatt. A comparison of energy efficiency with fuel 

costs per megawatt was found for the combined cycle system  .It is suitable for stable 

load applications and less so for marine applications with variable or decreasing 

loads [29]. In a new “Green spaces” improvement that includes a combined cycle 

system design, the size of the gas turbine can be improved, and it may be smaller than 

an equivalent open cycle configuration. In addition, a waste heat recovery unit 

(WHRU) can supersede gas turbine silencers, thus easing some of the space and weight 

limitations. The remaining heat can be used in place of flaming heaters; thus, the 

overall system efficiency will improve. Therefore, using energy technology for the 

combined cycle depends on the heat and energy required for an installation. Combined 

cycle technology is considered to be more cost-effective for large factories. Waste heat 

from WHRU is used in other heating applications when heat demand is high. For this 

reason, there will be less heat left to generate power [30]. 

 

An upgrade of gas turbine generators from a simple open-cycle system to a complex 

and expensive combined cycle was undertaken. This modification is not common in 

offshore facilities. It is considered a complex project due to the space needed to 

integrate the steam turbine, the additional overhead weight, and the additional 

personnel on the platform to manage steam system operations [29]. 

 

A combined-cycle power system consists of the following equipment: gas turbines 

(GTs), waste heat recovery units (WHRU-SG) to generate steam, steam turbines (STs), 

and condensers in addition to auxiliary equipment. These are illustrated in Figure 1.8. 

A combined cycle power system uses a gas turbine, a WHRU-SG waste heat recovery 

unit, and a steam turbine generator [31]. 
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Some technologies provide advantages such as highly efficient power generation, and 

this can be considered an alternative to the combined cycle system: 

 

• Organic Rankine cycle (ORC) 

• Aeronautical gas turbines 

• Offshore electricity (acquiring power from the shore) 

 

 

Figure 1.7. Combined cycle consisting of a gas turbine generator with a waste heat 

recovery unit and a steam turbine generator [32]. 

 

1.8. OBJECTIVES 

 

• Power plant modeling for a combined cycle facility that would be added to an 

existing Taji power station site. 

• Evaluate the design and operational parameters that affect the performance 

combined cycle )GSO CC). 

• Examine energy performance, exergy efficiency, and power generation using 

thermodynamic and thermo-economic analysis. 

 

1.9. THESIS STRUCTURE 

 

This study is divided into five primary sections. Information about GSO CC and waste 

heat recovery and its uses are presented in the first section. Examples of GSO CC and 

waste heat recovery from thermodynamic cycles in earlier literature are presented in 

the second section. The GSO CC model used in this study and its design are discussed 
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in the third section. The fourth section examines the key findings of the GSO CC 

model and identifies the best outcomes for the selected model. The primary topic of 

this research and upcoming work is introduced in the fifth section. 
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PART 2 

 

LITERATURE REVIEW 

 

There are various studies in the literature on the organic Rankine cycle (ORC) [33–36] 

and the natural gas combined cycle (NGCC) [37–39]. Numerous articles have been 

published on the performance of the organic Rankine cycle generating power from a 

low-grade heat source, the energy analysis of the cycle, the exergy analysis, system 

optimization, the effects on the system performance depending on the properties of 

different working fluids, and the selection of the appropriate working fluid. There are 

publications on the energy and exergy analysis of the NGCC and the determination of 

optimum operating conditions. However, there are few studies on the performance of 

the combined two cycles [30,40]. 

 

Cihan [41] reported a thermodynamic analysis of a system that integrated the ORC 

utilizing waste heat and the conventional vapor compression refrigeration cycle. In the 

study, R600, R600a and R601 were chosen as refrigerants and power cycle efficiency 

and COP values were calculated. However, a performance comparison was made with 

R245fa fluid. As a result, it was determined that the most suitable fluid for the modeled 

system was R601. 

 

Wei et al. [42] analyzed and optimized the performance of the ORC utilizing R245fa 

as the working fluid. They studied the thermodynamic performance of the ORC system 

under various situations. In their study, it was concluded that using as much waste heat 

as possible is the most effective method to increase the net power produced by the 

system. 

 

Kaşka [43] performed energy and exergy analyses of the ORC. The researcher 

estimated the energy and exergy efficiencies for two distinct operating circumstances 

using actual data. In the first instance, the energy efficiency of the system, which drew 
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2,479 kW of energy from the furnace cooling water, was 10.2%, whereas the exergy 

efficiency was 48.5%. The energy efficiency of the second system, which pulled 

2,208 kW of energy from the furnace cooling water, was 8.8%, whereas the exergy 

efficiency was 42.2%. In addition, he determined that the evaporator pressure 

significantly affects both energy and exergy efficiency. Pinch point analysis was also 

included in the study. 

 

Mago et al. [44] looked at the ORC, which uses waste heat to create electricity, using 

Second Law analysis. Different fluids were used in the ORC to explore the influence 

of the boiling temperature of the fluid. The researchers worked on R113, R134a, 

R245ca, R123, R245fa, propane, and isobutane with boiling temperatures between -

43°C and 48°C. The results were compared under the same conditions by selecting the 

working fluid water. First and Second Law analyses were applied by changing the 

operating parameters of the system at different reference temperatures. This 

investigation discovered that R113 has the most efficiency in organic fluids chosen 

above 430 K, while R245ca, R123, and R245fa have the highest efficiency in fluids 

selected between 380 and 430 K. In the study, it was also revealed that isobutane had 

the best efficiency below 380 K. As a result, it was stated that the boiling temperature 

of an organic fluid significantly affects the thermal efficiency of the system. 

 

Liu et al. [45] conducted an ORC performance study based on the parameters of the 

working fluids. The researchers evaluated the impact of various working fluids on heat 

recovery and thermal efficiency. It was deduced that the critical temperature affects 

the thermal efficiency of various working fluids. It was found that the optimal 

evaporation temperature, which is somewhere between the waste heat inflow 

temperature and the condensation temperature, yields the highest heat recovery 

efficiency value. They also demonstrated that a higher entrance temperature for the 

waste heat source resulted in a higher maximum value of heat recovery efficiency. 

 

Roy et al. [46] analyzed the performance of the ORC heat recovery system and 

optimized its parameters. R123, R12 and R134a were used as working fluids. A 

312 kg/s flow rate and a 140°C flue gas temperature were used as a heat source. The 

findings revealed that the highest power and highest efficiency are obtained in the 
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cycle using R123 fluid. They calculated that when the pinch point temperature is 5°C 

and the flow rate is 341.16 kg/s, the power that can be produced is 19.09 MW, with 

First Law efficiency being 25.3% and Second Law efficiency 64.4%. 

 

Zhang et al. [47] used vehicle exhaust gas as a waste heat source. They investigated 

the performance of several working fluids using a thermodynamic model derived from 

Matlab and REFPROP software. The selection of nine distinct organic fluids was 

based on their physical and chemical properties. The net power generation was kept 

constant at 10 kW and the results were compared with each other. The study assessed 

the environmental effect and safety level of the fluids. The results showed that the 

R141b, R11, R123, and R113 fluids perform slightly better in terms of 

thermodynamics than the other fluids. However, they discovered that R245ca and 

R245fa fluids are better for the environment in the application of engine waste heat 

recovery. 

 

Wang et al. [48] evaluated the performance of the ORC generating power from waste 

heat with working fluids of R123, ammonia, water, butane, isobutane, R123, R11, 

R141B. R236EA, R113, and R245CA. They investigated the influence of 

thermodynamic factors on the ORC system’s performance. The exergy efficiency of 

the ORC’s thermodynamic parameters was calculated for each working fluid’s 

optimization. Under the same conditions, the optimal performances of several fluids 

were compared and assessed. Their study concluded that the cycle powered by the 

organic fluid is better than the cycle powered by water. They found that the R236EA 

fluid has the highest exergy efficiency in the cycle. 

 

Sun et al. [49] performed a performance analysis of ORC using different organic fluids 

between the crucial temperatures of organic fluids and the performance parameters of 

ORC (condensation pressure, evaporation pressure, hot fluid outlet temperature, net 

power, exergy efficiency, thermal efficiency, irreversibility loss of the cycle, heat 

recovery efficiency). It depended on the characteristics of the hot fluid passing through 

the evaporator under certain operating conditions. Based on this, relationships were 

constructed and confirmed at various evaporation and inflow temperatures of the hot 
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fluid. The researchers demonstrated that the performance characteristics of the organic 

fluid alter with its critical temperature. 

 

Tyagi and Chen [50] evaluated the performance of the Brayton cycle with an 

irreversible regenerator based on the thermo-economic function. They defined the 

thermo-economic function as the sum of the total cost of the power produced and the 

system’s operating cost divided by the maintenance cost. They optimized the thermo-

economic function according to the cycle temperature. They determined the best 

performance characteristics under normal working situations. It was discovered that 

the influence of compressor efficiency was greater than the effect of the turbine 

efficiency on all performance measures. 

 

Chen et al. [51] presented the optimum criterion for an intercooled Brayton cycle with 

an irreversible regenerator based on an ecological function. They defined the 

ecological function as the difference between the power produced and the loss of 

energy due to irreversibility. They estimated the best performance parameters for 

normal operating situations by maximizing the ecological function based on the cycle 

temperature. They discovered the optimal values for the turbine outlet temperature as 

well as the intercooling and cycle pressure ratios when the cycle performs optimally. 

However, they demonstrated that the optimal values of these parameters vary 

according on the cycle parameters, such as intercooler, turbine output temperature, 

cycle pressure ratios, and so on. As a consequence, they established optimal settings 

for intercooling, turbine output temperature, and cycle pressure ratios. 

 

Al-Doori [52] studied the gas turbine power plant model with an intercooler. The 

impacts of the operating condition and design parameters on specific fuel 

consumption, thermal efficiency, and generated power were evaluated. The researcher 

stated that the efficiency increased when the power plant with an intercooler was 

compared with the power plant without an intercooler. 

 

Tyagi et al. [22] optimized the power and efficiency of the Brayton cycle based on the 

cycle temperature. They calculated the optimum performance parameters under typical 
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operating conditions and found the optimal values of reheating, intercooling, and loop 

pressure ratios when the cycle reaches maximum performance. 

 

Al-Sood et al. [53] demonstrated the performance of the gas turbine cycle with an 

irreversible regenerator, intercooling and reheating in different design and operating 

parameters. They attempted to find the optimum points that would provide the best 

performance for the gas turbine cycle. A mathematical simulation model was created 

to determine the performance characteristics of the cycle under various operating 

conditions. The model they developed provided the gas turbine cycle’s best operating 

conditions (maximum First and Second Law efficiency, maximum ecological 

coefficient of performance, maximum generated power and minimum exergy loss). 

 

Tyagi et al. [54] calculated the optimal operating settings of the Brayton cycle with an 

irreversible regenerator and intercooler to achieve the highest ecological coefficient of 

performance and produced power. They defined the ecological performance 

coefficient as the power produced divided by the usability loss. In the current operating 

conditions, the thermal efficiency and ecological coefficient of performance were 

optimized according to cycle pressure ratios, and intercooling. Maximum generated 

power, maximum efficiency, maximum ecological performance coefficient, and 

corresponding temperatures were calculated for given intercooling pressure ratios and 

other parameters under different operating conditions. The results indicated the 

optimum turbine outlet temperature, cycle pressure ratios, and intercooling when these 

performance parameters (such as generated power, thermal efficiency, and ecological 

coefficient of performance) reached their maximum values. 

 

Zhang et al. [55] investigated the exergy analysis of Brayton and reversed the Brayton 

cycle with a combined regenerator. They derived exergy losses and exergy 

efficiencies. Based on the maximum exergy efficiency, they aimed to optimize the 

reverse Brayton cycle pressure ratio and obtain the corresponding optimum exergy 

efficiency. They analyzed the effects of various parameters on exergy efficiency with 

numerical calculations. 
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Abadi et al. [56] used different organic fluids in the system consisting of a 

combination of a gas turbine and ORC. First and Second Law analyses were performed 

for the selected organic fluids. From the results, it was determined that the efficiency 

of R245fa, propane and R152a fluids was higher at low temperatures. However, they 

determined that the efficiency of R113 fluid is maximum for temperatures above 

100oC. 

 

Wang et al. [57] studied a double ORC for discontinuous heat recovery. Optimum 

operating conditions were calculated for butane, acetone, isopentane, pentane, R21, 

R141b, and R245fa fluids. A pinch point analysis was also performed to analyze the 

performance of the ORC. According to the findings of the research, dry and isentropic 

fluids performed the best. 

 

Hung et al. [58] attempted to identify the best working fluids for the ORC employed 

in low-grade waste heat recovery. In their studies, it was determined that isentropic 

fluids are the best choice for heat recovery from low temperature sources. 

 

Song et al. [59] analyzed the ORC and the integrated supercritical CO2 Rankine cycle 

for WHR. In this study, the researchers revealed that the ORC subsystem significantly 

recovered the waste heat from the upper system operating under supercritical 

conditions. 

 

Chacartegui et al. [60] suggested the use of ORC as a subsystem in combined power 

systems. The effects of using ORC as a subcycle in the combined system were 

investigated. The organic fluids R245, R113, isobutane, cyclohexane, toluene, 

isopentane, and cyclohexane were used. In the study, it was revealed that the efficiency 

of the combined organic Rankine cycle system working with Toluene and 

Cyclohexane fluid is high. 

 

Lu et al. [61] examined combined power cycles in geothermal systems from a 

thermodynamic and techno-economic standpoint. A thermodynamic analysis of four 

power generating systems, namely the single flash system, the double flash system, 

the flash-ORC system, and the dual flash-ORC system, was performed in this work. 



20 

Optimization was performed using system comparisons to boost the net power 

production of the systems by 20%. R123, isobutane, R152a,  R245fa, and n-pentane 

working fluids were used in each system with the aim to select optimum geothermal 

energy cycles under different geothermal fluid conditions. In the techno-economic 

analysis, electricity level costs and payback periods were evaluated. The power level 

costs and payback durations were examined in the techno-economic study. 

 

Yang et al. [62] created heat transfer, thermodynamic, and optimization models for the 

ORC-ORC combined power system to regain the exhaust waste heat from the cooling 

system and intercooler waste heat of a six-cylinder CNG (compressed natural gas) 

engine. Thermodynamic and heat transfer performances were solved using the Pareto 

method and a GA (genetic algorithm) in order to maximize the net power output and 

minimize the heat transfer area in accordance with the waste heat characteristics of the 

CNG engine over the entire operating range. With this analysis, they determined the 

optimum operating range of the system. In the analysis, they also concluded that the 

optimum evaporation pressure of the high temperature cycle and the degree of 

overheating were affected by the operating conditions of the CNG engine. 

 

Zhang et al. [63] carried out a comparative thermodynamic analysis of three power 

systems by utilizing the relatively low-to-moderate waste heat in the temperature range 

of 150 to 350°C of the combined cycle of the steam Rankine cycle, the ORC and the 

steam-ORC integrated. According to the analysis results, the heat source was at a 

temperature of 150-210°C. Maximum thermal efficiency, exergy efficiency and power 

generation were calculated for the ORC system. In the heat source conditions with a 

temperature range of 21 to 350°C, the integrated system had far higher thermal 

efficiency, exergy efficiency and power generation values than other systems. 

 

Ataei et al. [64] analyzed different cycle applications using R113, RC318, iso-pentane 

and n-hexane dry organic fluids. ORC configurations: a basic ORC is an ORC with 

regenerative ORC, an internal heat exchanger, and a regenerative ORC with an internal 

heat exchanger. This was simulated using EES for various ambient temperatures. In 

addition, an environmental performance assessment was made. In conclusion, the 

regenerative ORC with an internal heat exchanger had the best performance values 
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with a thermal efficiency of 21.7% and a Second Law efficiency of 64.2%. N-hexane 

was proven to be the most efficient working fluid for the cycle. In addition, both 

thermal efficiency and Second Law efficiency rose as the temperature outside dropped. 

 

Mohapatra and Sanjay [65] examined the effects of cooling the gas turbine inlet with 

various techniques for combined cycle configurations (CCCs) and outlined the 

advantages and disadvantages of these techniques. The results of these techniques were 

examined for both gas and CCCs and interpreted according to various ambient 

conditions. In the results of working, it was observed that the system, which performs 

cooling by steam pressurization, provides an improvement of 9.47% in gas cycle 

efficiency and 17.2% in power output, and is recommended for CCCs systems. As a 

result of the studies, the optimum inlet temperature was found to be 20°C. 

  



22 

 

 

PART 3 

 

METHODOLOGY 

 

3.1. MODEL DESCRIPTION 

 

In this thesis, a model is prepared and discussed for the steady-state analysis of the 

natural gas combined cycle which is integrated with the organic Rankine cycle 

(GSO CC). It includes three main parts. The first part is the Brayton cycle, which 

consists of a gas turbine (GT),  a combustion chamber (CC), and an air compressor 

(AC). The second part, which represents the Rankine cycle, consists of two pumps (P1 

and P2), a deaerator, a condenser ( CON1), a steam turbine (ST), and heat recovery 

steam generation (HRSG). The third and final part of the Organic Rankine cycle 

consists of a heat exchanger (HE), an organic Rankine turbine (ORT), a condenser 

(CON2), a pump (P3), and a heat recovery boiler (HRB) (see Figure 3.1). The principle 

of operation of the embedded system can be summarized as follows. 

 

Air is compressed to operating pressure and heated as it enters an air compressor (AC). 

The air is then transported to the CC, reacting with the natural gas fuel to create high-

pressure, high-temperature exhaust gases. Through the GT, the exhaust gases expand 

to produce mechanical power. The HRSG converts compressed water into steam at 

high temperatures using the temperature of the exhaust gases. To generate more 

mechanical power, the steam expands as it passes through the ST. The water is 

pressurized through the pump after entering the condenser, which turns all the vapor 

into saturated liquid. 

 

The working principle of the organic Rankine cycle is similar to that of the Rankine 

cycle: the working fluid is pumped into a heat recovery boiler where it evaporates, 

passes through an expansion device (the turbine), then through a condenser heat 

exchanger where it is finally re-condensed. 
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The selection of the working fluid is essential. R123 was chosen as the working fluid 

in this current work because it is the most suitable fluid dynamically and economically. 

It is environmentally friendly with an acceptable value of ODP and low global 

warming value compared to other working fluids. Additionally, R123 falls into the 

category of dry working fluids with a higher critical temperature value (in relatively 

lower certainty ranges) which makes it a suitable working fluid in ORC applications. 

Moreover, R123 is the most suitable working fluid in ORCs for engine or gas turbine 

WHRT applications and is highly recommended by many researchers, given all of the 

above R123 environmental and technical advantages. 

 

 

Figure 3.1. Schematic diagram of the GSO CC. 

 

3.2 GENERAL EQUATIONS OF MASS, ENERGY AND EXERGY 

 

The conservation of mass equation for an SSSF open system is [18]: 
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∑𝑚̇𝑖𝑛 = ∑𝑚̇𝑜𝑢𝑡 3-1 

 

where: 

 

∑𝑚̇𝑖𝑛 is the total mass flow entering per unit of time, and 

∑𝑚̇𝑜𝑢𝑡 is the total mass flow exiting per unit time. 

 

The energy balance for each component is based on the First Law of 

Thermodynamics for an SSSF open system [19,66]: 

 

 

𝑄̇ + 𝑊̇ = ∑𝑚̇𝑜𝑢𝑡ℎ𝑜𝑢𝑡 − ∑𝑚̇𝑖𝑛ℎin  3-2 

  

where: 

 

𝑄̇ is the heat transfer per unit time, 

𝑊̇ is the work done by the control volume per unit time, 

ℎin is the specific enthalpy per the mass entering the system, and 

ℎ𝑜𝑢𝑡 is the specific enthalpy per mass leaving the system. 

 

Unlike mass and energy, entropy is not conserved in open and closed systems, as 

entropy is produced due to irreversibility. In open systems, the entropy balance can be 

expressed as [17]: 

 

𝐸̇ = 𝑚̇𝜓 3-3 

  

𝜓 = (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) 3-4 

  

where: 

 

𝑠0 is the specific entropy of the mass entering the open system, 

𝑠 is the specific entropy of the mass emanating from the open system, 
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𝑇0 is the boundary temperature between the open system and the 

environment, 

𝐸̇ is the exergy flows, and 

𝜓 is the specific exergy. 

 

Energy analysis does not provide information about system irreversibility due to 

entropy generation and exergy destruction. Therefore, considering the Second Law of 

Efficiency, the thermodynamic performance of GSO CC cycle systems should be 

done. Exergy will be helpful to take advantage of the system when a final firsthand 

regimen with the environment is acquired. 

 

3.3. THERMODYNAMIC ANALYSIS OF THE BC MODEL 

 

3.3.1. Compressor Model 

 

Air compressor machines that use power to create kinetic energy compress and 

pressurize air and may release it in short bursts [67,68]. Rotary compressors are 

required due to the significant flow rates of turbines and their comparatively low-

pressure ratios. The energetic relation for the compressor model is modified as 

follows [69,70]: 

 

(a) Energy balance: 

 

𝑊̇𝐴𝐶 = 𝑚̇air (ℎ2 − ℎ1) 3-5 

  

𝜂𝐴𝐶 =
𝑊̇𝐴𝐶 ,𝑠

𝑊̇𝐴𝐶

 
3-6 

  

(b) Isentropic efficiency: 

 

 

The exergetic relations for the compressor model are modified as follows: 

 

(c) Exergy balance: 
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𝐸̇𝐷,𝐴𝐶 = (𝐸̇1 − 𝐸̇2) + 𝑊̇𝐴𝐶 3-7 

  

Exergy efficiency: 

 

 

𝐸̇𝑓,𝐴𝐶 = 𝐸̇2 − 𝐸̇1 3-8 

  

𝐸̇𝑃,𝐴𝐶 = 𝑊̇AC 3-9 

  

𝜀AC =
𝐸̇𝑃,𝐴𝐶

𝐸̇𝑓,𝐴𝐶

= 1 −
𝐸̇D,AC

𝐸̇𝑓,𝐴𝐶

 
3-10 

  

where: 

 

𝐸̇𝑃,𝐴𝐶  is the product exergy for the compressor, 

𝐸̇𝑓,𝐴𝐶 is the fuel exergy for the compressor, and 

𝜀AC is the exergy efficiency exergy for the compressor. 

 

3.3.2. Combustion Chamber Model 

 

The combustion chamber is the area of the gas turbine where energy is introduced. The 

combustor is the source of energy for the gas turbine cycle. It takes in air, adds fuel, 

combines the two, and then allows the mixture to burn. This procedure is often carried 

out under continuous pressure (although small pressure losses are generally 

present) [71]. Temperature is a crucial characteristic during combustion and material 

qualities usually restrict it. The materials must be resistant to extreme temperatures 

and temperature gradients. Otherwise, the gas turbine may fail [72]. 

 

The energetic relation for the combustion chamber model is modified as follows: 

 

(a) Energy balance: 
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𝑚̇2ℎ2 + 𝜂𝐶𝐶𝑚̇3LHV = 𝑚̇4ℎ4 3-11 

  

The exergetic relations for the combustion chamber model are modified 

as follows: 

 

(b) Exergy balance: 

 

 

𝐸̇D,CC = 𝐸̇2 + 𝐸̇3 − 𝐸̇4 3-12 

  

(c) Exergy efficiency: 

 

 

𝐸̇𝑝,𝐶𝐶 = 𝐸̇4 3-13 

  

𝐸̇𝑓,𝐶𝐶 = 𝐸̇2 + 𝐸̇3 3-14 

  

𝜀CC =
𝑃CC

𝐹CC
= 1 −

𝐸̇D,CC

𝐸̇𝑓,𝐶𝐶

 
3-15 

  

3.3.3. Gas turbine Model 

 

All gas turbines are designed as a convergent duct, where gaseous energy is not 

supplied nor removed but transformed from pressure and temperature into velocity. As 

air moves from a large intake into a smaller exit, the velocity of the air 

increases [73][15]. At higher speeds, impact pressure rises. The overall pressure in the 

system stays constant, and static pressure drops since energy is neither supplied nor 

withdrawn [74]. This may be viewed as static pressure being converted to impact 

pressure such that an increase in static pressure is accompanied by a flow of air via a 

convergent duct and expansion. Any expansion results in a corresponding temperature 

decrease. 

 

The energetic relation for the gas turbine model is modified as follows: 
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(a) Energy balance: 

 

𝑊̇𝐺𝑇 = 𝑚̇𝑔𝑎𝑠(ℎ4 − ℎ5) 3-16 

  

(b) Isentropic efficiency: 

 

 

𝜂𝐺𝑇 =
𝑊̇𝐺𝑇 

𝑊̇𝐺𝑇 ,𝑠
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The exergetic relations for the gas turbine model are modified as follows:  

 

(c) Exergy balance: 

 

 

𝐸̇𝐷,𝐺𝑇 = (𝐸̇4 − 𝐸̇5) − 𝑊̇𝐺𝑇 3-18 

  

(d) Exergy efficiency: 

 

 

𝐸̇𝑃,𝐺𝑇 = 𝑊̇𝐺𝑇 3-19 

  

𝐸̇𝐹,𝐺𝑇 = 𝐸̇4 − 𝐸̇5 3-20 

  

𝜀GT =
𝑃GT

𝐹GT
= 1 −

𝐸̇D,GT

𝐸̇𝐹,𝐺𝑇
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3.4. THERMODYNAMIC ANALYSIS OF THE RC MODEL 

 

3.4.1. HRSG Model 

 

An HRSG is a set of heat exchangers that operate in a series. Heat exchangers, known 

in some circles as steam turbines, use heat to produce steam. Both natural and forced 

circulation systems may be installed on an HRSG [75]. Hot exhaust runs over the 

tubes, which heats the water within them, resulting in steam production. Creating dry 
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superheated steam is an involved process, with each of the modules intended for a 

specific function. All modules are known as economizers, evaporators, super 

heaters/reheaters, and preheaters [76]. 

 

The temperature of the steam produced in the waste heat recovery boilers is closely 

related to the temperature of the exhaust gas. If the exhaust gas temperature is 

insufficient to produce the desired steam temperature, additions such as auxiliary 

burners are made to the boiler [77]. The energetic relation for the HRSG model is 

modified as follows: 

 

(a) Energy balance: 

 

 

𝑚̇5 + 𝑚̇8 = 𝑚̇6 + 𝑚̇9 3-22 

  

𝑄̇𝐻𝑅𝑆𝐺 = 𝑚̇8(ℎ9 − ℎ8) 3-23 

  

The exergetic relations for the HRSG model are modified as follows: 

 

(b) Exergy balance: 

 

 

𝐸̇D,HRSG = 𝐸̇5 − 𝐸̇6 + 𝐸̇8 3-24 

  

(c) Exergy efficiency: 

 

 

𝐸̇𝑃,𝐻𝑅𝑆𝐺 = 𝐸̇9 − 𝐸̇8 3-25 

  

𝐸̇𝐹,𝐻𝑅𝑆𝐺 = 𝐸̇5 − 𝐸̇6 3-26 

  

𝜀HRSG =
𝑃HRSG

𝐹HRSG
= 1 −

𝐸̇D,HRSG

𝐸̇𝐹,𝐻𝑅𝑆𝐺
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3.4.2. Steam Turbine Model 

 

The steam turbine's purpose is to transform the steam's thermal energy into 

mechanical energy. The steam is delivered from the first expansion area of the turbine 

to the blades on the rotor and expands to the condensing pressure. The rotten steam 

passes from the turbine body to the condenser [78]. The energetic relation for the 

steam turbine model is modified as follows: 

 

Energy balance: 

 

𝑊̇ST = 𝑚̇9(ℎ9 − ℎ13) + 𝑚̇10(ℎ13 − ℎ10) 3-28 

  

(a) Isentropic efficiency: 

 

 

𝜂𝑆𝑇 =
𝑊̇𝑆𝑇

𝑊̇𝑆𝑇 ,𝑠
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The exergetic relations for the steam turbine model are modified as 

follows: 

 

(a) Exergy balance: 

 

 

 

𝐸̇D,ST = (𝐸̇9 − 𝐸̇13 − 𝐸̇10) − 𝑊̇ST 3-30 

  

(b) Exergy efficiency: 

 

 

𝐸̇𝑃,𝑆𝑇 = 𝑊̇𝑆𝑇 3-31 

  

𝐸̇𝐹,𝑆𝑇 = 𝐸̇9 − 𝐸̇10 − 𝐸̇13 3-32 

  

𝜀ST =
𝑃ST

𝐹ST
= 1 −

𝐸̇D,ST

𝐸̇𝐹,𝑆𝑇

 
3-33 



31 

3.4.3. Condenser Model 

 

Condensers are heat exchangers and their purpose is to convert used steam from the 

turbine body into water by condensing it with the help of cooling water. Water-cooled 

condensers are preferred in vapor power plants because of the condensing pressure 

being lower than an air-cooled system. Moreover, it is easier to control the condensing 

pressure and there is higher heat transfer due to the high heat capacity of water [79]. 

The energetic relation for the condenser model is modified as follows: 

 

(a) Energy balance: 

 

𝑚̇10 + 𝑚̇15 = 𝑚̇11 + 𝑚̇16 3-34 

  

𝑄̇𝐶𝑂𝑁𝐷1 = 𝑚̇10(ℎ11 − ℎ10) 3-35 

  

The exergetic relations for the condenser model are modified as follows: 

 

(a) Exergy balance: 

 

 

 

𝐸̇D, 𝐶𝑂𝑁𝐷1 = (𝐸̇10 − 𝐸̇11) + (𝐸̇15 − 𝐸̇16) 3-36 

 

(b) Exergy efficiency: 

 

 

𝐸̇𝑃,𝐶𝑂𝑁𝐷1 = 𝐸̇16 − 𝐸̇15 3-37 

  

𝐸̇𝐹,𝐶𝑂𝑁𝐷1 = 𝐸̇10 − 𝐸̇11 3-38 

  

𝜀𝐶𝑂𝑁𝐷1 =
𝑃𝐶𝑂𝑁𝐷1

𝐹𝐶𝑂𝑁𝐷1
= 1 −

𝐸̇D,𝐶𝑂𝑁𝐷1

𝐸̇𝐹,𝐶𝑂𝑁𝐷1
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3.4.4. Pump Model 

 

The feed-water pump must absorb the pressurized water needed for steam production 

from the feed tank and send it to the system. Compressors and pumps are comparable 

in that they both boost pressure in a fluid and push it through a pipe. Compressible 

gases are reduced in volume when the compressor compresses them. Liquids are 

difficult to compress. While some are easier to pressurize, pumps mostly work to 

pressurize and move liquids [80]. The energetic relations for the pump model are 

modified as follows:  

 

(a) Energy balance: 

 

𝑊̇Pump1 = 𝑚̇11(ℎ12 − ℎ11) 3-40 

  

𝑊̇Pump2 = 𝑚̇8(ℎ14 − ℎ8) 3-41 

  

(b) Isentropic efficiency: 

 

 

𝜂Pump1 =
𝑊̇Pump1 ,𝑠

𝑊̇Pump1
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𝜂Pump2 =
𝑊̇Pump2 ,𝑠

𝑊̇Pump2

 
3-43 

  

The exergetic relations for the pump are modified as follows: 

 

(c) Exergy balance: 

 

 

𝐸̇D, Pump1 = 𝑊̇Pump1 − (𝐸̇11 − 𝐸̇12) 3-44 

  

𝐸̇D, Pump2 = 𝑊̇Pump2 − (𝐸̇14 − 𝐸̇8) 3-45 
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𝐸̇𝑃,𝑃𝑈𝑀𝑃1 = 𝐸̇12 − 𝐸̇11 3-46 

  

𝐸̇𝐹,𝑃𝑈𝑀𝑃1 = 𝑊̇Pump1  3-47 

  

𝜀Pump1 =
𝑃Pump1

𝐹Pump1

= 1 −
𝐸̇D, Pump1

𝐸̇𝐹,𝑃𝑈𝑀𝑃1
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𝐸̇𝑃,𝑃𝑈𝑀𝑃2 = 𝐸̇8 − 𝐸̇14 3-49 

  

𝐸̇𝐹,𝑃𝑈𝑀𝑃2 = 𝑊̇Pump2  3-50 

  

𝜀Pump2 =
𝑃Pump2

𝐹Pump2

= 1 −
𝐸̇D, Pump2

𝐸̇𝐹,𝑃𝑈𝑀𝑃2
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3.4.5. Deaerator Model  

 

Thermal deaerators are used to remove dissolved gases  in the feed water of steam-

generating boilers on a large scale. Dissolved oxygen in the feed water causes 

corrosion damage to the boiler and the formation of oxides (such as rust) by binding 

to the walls of metal pipes and other equipment.  Low-pressure steam is obtained from 

an extraction point in the steam turbine system. Deaerators use this low-pressure steam 

in steam generation systems in most thermal power plants. However, steam generators 

can use low-pressure steam in many large industrial plants, such as petroleum 

refineries. The energetic relation for the condenser model is modified as follows: 

 

(a) Energy balance: 

 

𝑚̇13ℎ13 + 𝑚̇12ℎ12 = 𝑚̇14ℎ14  3-52 

  

The exergetic relations for the condenser model are modified as follows:  

 

(a) Exergy balance: 
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𝐸̇D, Deaerator = 𝐸̇13 + 𝐸̇12 − 𝐸̇14 3-53 

  

(b) Exergy efficiency: 

 

 

𝐸̇𝑃, Deaerator = 𝐸̇14 3-54 

  

𝐸̇𝐹, Deaerator = 𝐸̇13 + 𝐸̇12 3-55 

  

𝜀Deaerator =
𝑃Deaerator

𝐹Deaerator

= 1 −
𝐸̇D, Deaerator

𝐸̇𝐹, Deaerator
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3.5. THERMODYNAMIC ANALYSIS OF THE ORC MODEL 

 

3.5.1. HRB Model 

  

The energetic relation for the HRB model is modified as follows: 

 

(a) Energy balance: 

 

𝑚̇6 + 𝑚̇18 = 𝑚̇7 + 𝑚̇19 3-57 

  

𝑄̇𝐻𝑅𝐵 = 𝑚̇18(ℎ19 − ℎ18) 3-58 

  

The exergetic relations for the HRB model are modified as follows: 

 

(b) Exergy balance: 

 

𝐸̇D,𝐻𝑅𝐵 = 𝐸̇6 − 𝐸̇7 + 𝐸̇18 − 𝐸̇19 3-59 

  

(c) Exergy efficiency: 

 

 

𝐸̇𝑃,𝐻𝑅𝐵 = 𝐸̇19 − 𝐸̇18 3-60 
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𝐸̇𝐹,𝐻𝑅𝐵 = 𝐸̇6 − 𝐸̇7 3-61 

  

𝜀𝐻𝑅𝐵 =
𝑃𝐻𝑅𝐵

𝐹𝐻𝑅𝐵
= 1 −

𝐸̇D,𝐻𝑅𝐵

𝐸̇𝐹,𝐻𝑅𝐵
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3.5.2. ORT Model 

 

The energetic relation for the ORT turbine model is modified as follows: 

 

(a) Energy balance: 

 

𝑊̇ORT = 𝑚̇19(ℎ20 − ℎ19) 3-63 

  

(b) Isentropic efficiency: 

 

𝜂ORT =
𝑊̇ORT ,𝑠

𝑊̇ORT
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The exergetic relations for the ORT model are modified as follows: 

 

(c) Exergy balance: 

 

𝐸̇D,ORT = (𝐸̇19 − 𝐸̇20) − 𝑊̇ORT 3-65 

  

(d) Exergy efficiency: 

 

 

𝐸̇𝑃,𝑂𝑅𝑇 = 𝐸̇19 − 𝐸̇20 3-66 

  

𝐸̇𝐹,𝑂𝑅𝑇 = 𝑊̇ORT 3-67 

  

𝜀ORT =
𝑃ORT

𝐹ORT
= 1 −

𝐸̇D,ORT

𝐸̇𝐹,𝑂𝑅𝑇

 
3-68 
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3.5.3. ORC Condenser Model 

 

The energetic relation for the condenser model is modified as follows: 

 

(a) Energy balance: 

 

𝑚̇21 + 𝑚̇24 = 𝑚̇22 + 𝑚̇23 3-69 

  

𝑄̇𝐶𝑂𝑁𝐷2 = 𝑚̇21(ℎ22 − ℎ21) 3-70 

  

The exergetic relations for the condenser model are modified as follows:  

 

(a) Exergy balance: 

 

 

𝐸̇D, 𝐶𝑂𝑁𝐷2 = (𝐸̇21 − 𝐸̇22) + (𝐸̇23 − 𝐸̇24) 3-71 

  

(b) Exergy efficiency: 

 

 

𝐸̇𝑃,𝐶𝑂𝑁𝐷2 = 𝐸̇24 − 𝐸̇23 3-72 

  

𝐸̇𝐹,𝐶𝑂𝑁𝐷2 = 𝐸̇21 − 𝐸̇22 3-73 

  

𝜀𝐶𝑂𝑁𝐷2 =
𝑃𝐶𝑂𝑁𝐷2

𝐹𝐶𝑂𝑁𝐷2
= 1 −

𝐸̇D,𝐶𝑂𝑁𝐷2

𝐸̇𝐹,𝐶𝑂𝑁𝐷2
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3.5.4. ORC Pump Model 

 

The energetic relations for the ORC pump model are modified as follows: 

 

(a) Energy balance: 

 

 

 

𝑊̇Pump3 = 𝑚̇22(ℎ17 − ℎ22) 3-75 
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(b) Isentropic efficiency: 

 

 

𝜂Pump3 =
𝑊̇Pump3,𝑠

𝑊̇Pump3
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The exergetic relations for the ORC pump are modified as follows: 

 

(c) Exergy balance: 

  

 

 

𝐸̇D, Pump3 = 𝑊̇Pump3 − (𝐸̇22 − 𝐸̇17) 3-77 

  

(d) Exergy efficiency: 

 

 

𝐸̇P, Pump3 = 𝐸̇17 − 𝐸̇22 3-78 

  

𝐸̇F, Pump3 = 𝑊̇Pump3  3-79 

  

𝜀Pump3 =
𝑃Pump3

𝐹Pump3

= 1 −
𝐸̇D, Pump3

𝐸̇F, Pump3
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3.5.5. HEAT EXCHANGER Model 

 

The energetic relation for the heat exchanger model is modified as follows:  

 

(a) Energy balance: 

 

𝑚̇17 + 𝑚̇20 = 𝑚̇18 + 𝑚̇21 3-81 

  

𝑄̇𝐻𝐸 = 𝑚̇17(ℎ18 − ℎ17) 3-82 

  

The exergetic relations for the HE model are modified as follows: 
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(b) Exergy balance: 

 

𝐸̇D,HE = 𝐸̇17 − 𝐸̇18 + 𝐸̇20 − 𝐸̇21 3-83 

  

(c) Exergy efficiency: 

 

 

𝐸̇P, HE = 𝐸̇21 − 𝐸̇20 3-84 

  

𝐸̇F, HE = 𝐸̇17 − 𝐸̇18 3-85 

  

𝜀HE =
𝑃HE

𝐹HE
= 1 −

𝐸̇D,HE

𝐸̇F, HE
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3.6. ECONOMIC ANALYSIS 

 

The main costs of a thermal system are capital investment, maintenance and operation, 

and fuel. A simplified economic model can be applied based on the capital recovery 

factor (CRF). The total capital investment (TCI) in a plant is given by the sum of all 

purchased equipment costs (PEC) multiplied by a constant factor. The total capital 

investment in the plant is given by [81,82]: 

 

𝑍̇𝑘 =
𝑍𝑘 × 𝐶𝑅𝐹 × 𝜙

𝑁 × 3600
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where: 

 

𝑃𝐸𝐶 is the equipment purchase cost in US dollars, 

𝜑 is the maintenance factor (1.06), and 

CRF is the Capital Recovery Factor, which can be calculated thus: 

 

 

CRF =
𝑖(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
 

3-88 
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where: 

 

i is the interest rate (considered to be 10%), and 

n is the system lifetime (considered to be 20 years). 

 

The purchase equipment cost (PEC) for the GSO CC components is as 

follows [82][83]: 

 

Brayton Cycle 

 

(a) Air Compressor [83] 

 

 

𝑃𝐸𝐶𝑐𝑜𝑚𝑝 = (
71.1 × 𝑚𝑎𝑖𝑟

° × (
𝑝2

𝑝1
)

0.9 − 𝜂𝑐𝑜𝑚𝑝
) 
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(b) Combustion Chamber 

 

 

𝑃𝐸𝐶𝑐𝑐 = (
25.6 × 𝑚𝑎𝑖𝑟

°

0.995 − (
𝑝4

𝑝2
)

) × [1 + 𝑒𝑥𝑝(0.018 × 𝑇4 − 26.4)] 
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(c) Gas Turbine 

 

 

𝑃𝐸𝐶𝐺𝑇 = (
26.6 × 𝑚𝑔𝑎𝑠

°

0.92 − 𝜂𝐺𝑇
) × 𝑙𝑛 (

𝑝4

𝑝5
) × [1 + 𝑒𝑥𝑝(0.036 × 𝑇4 − 54.4)] 

 

Rankine Cycle 
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(a) Heat Recovery Steam Generator 

 

 

𝑃𝐸𝐶𝐻𝑅𝑆𝐺 = 6570 [(
𝑄𝑏𝑜𝑖𝑙𝑒𝑟

°

∆𝑇
)

0.8

] + 21276𝑚𝑤𝑎𝑡𝑒𝑟
° + 1184.4𝑚𝑔

°  
3-92 
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(b) Steam Turbine 

 

 

𝑃𝐸𝐶𝑆𝑇 = 6000(𝑊𝑆𝑇
0.7) 3-93 

  

(c) Condenser 

 

 

𝑃𝐸𝐶𝐶𝑜𝑛𝑑 = 1773𝑚𝑠𝑡𝑒𝑎𝑚
°  3-94 

  

(d) Pump 

 

 

𝑃𝐸𝐶𝑝 = 3540𝑊𝑝
0.7 3-95 

  

Organic Rankine Cycle 

 

 

(a) Pump 

 

 

PEC𝑃 = 3540(𝑊̇𝑃)0.71 3-96 

  

(b) Evaporator 

 

 

PECEva = 309.143(𝐴eva) + 231.915 3-97 

  

(c) Turbine 

 

 

PEC𝑇 = 6000(𝑊̇𝑇
0.7) 3-98 

  

(d) Condenser 

 

 

PECCond = 1773(𝑚̇Steam ) 
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(e) Heat exchanger 
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PECHE = 1.3(190 + 310𝐴HE) 3-100 

  

3.7. COST PERFORMANCE 

 

The cost balance and auxiliary equations for each part must be written as 

follows [39]: 

 

 

∑  

𝑒

𝐶̇𝑒,𝑘 + 𝐶̇𝑤,𝑘 = 𝐶̇𝑞,𝑘 + ∑  

𝑖

𝐶̇𝑖,𝑘 + 𝑍̇𝑘
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𝐶̇𝑗 = 𝑐𝑗𝐸̇𝑗 3-102 

  

where: 

 

𝐶 is the cost rate ($/h), and 𝑍̇𝑘 represents the entire cost rate related to capital 

investment and operation and maintenance costs component k. 

 

Table 3.1 presents the relevant parameters for the exergo-economic assessment of the 

system. Table 3.2 contains the cost balances and auxiliary equations for every system 

component. 

 

Table 3.1. Exergo-economic evaluation parameters of GT–HRSG/ORC [70]. 

Average costs per exergy unit of fuel 𝒄𝑭,𝒌 = 𝑪̇𝑭,𝒌/𝑬̇𝑭,𝒌 

Average costs per exergy unit of 

product 
𝑐𝑃,𝑘 = 𝐶̇𝑃,𝑘/𝐸̇𝑃,𝑘 

Cost rate of exergy destruction 𝐶̇𝐷,𝑘 = 𝑐𝐹,𝑘𝐸̇𝐷,𝑘 

Relative Cost Difference 𝑟𝑘 = (𝑐𝑃,𝑘 − 𝑐𝐹,𝑘)/𝑐𝐹,𝑘 

Exergo-economic factor 𝑓𝑘 = 𝑍̇𝑘/(𝑍̇𝑘 + 𝑐𝐹,𝑘𝐸̇𝐷,𝑘 + 𝐸̇𝐿,𝑘)) 
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Table 3.2. Cost analysis. 

Component Exergetic cost rate balance 

equation 

Auxiliary    Equation 

Compressor 𝐶̇1 + 𝐶̇𝐴𝐶 + 𝑍̇AC = 𝐶̇2 𝐶̇1

𝑊̇C,LP

=
𝐶̇2

𝑊̇T

 
c1=0 

Combustion 

chamber 
𝐶̇2 + 𝐶̇3 + 𝑍̇CC = 𝐶̇4  𝐶̇2

Ex2
=

𝐶̇4

Ex4
 

c2=c4 

c3=12 

Gas turbine 𝐶̇4 + 𝑍̇GT = 𝐶̇5 + 𝐶̇𝐴𝐶  𝐶̇4

Ex4
=

𝐶̇5

Ex5
 

c4=c5 

 

HRSG 𝐶̇5 + 𝐶̇8 + 𝑍̇
HRSG = 𝐶̇6 + 𝐶̇9 𝐶̇5

Ex5
=

𝐶̇6

Ex6
 

𝑐5 =𝑐6  

Steam 

turbine 
𝐶̇9 + 𝑍̇𝑆𝑇 = 𝐶̇10 + 𝐶̇13 + 𝐶̇𝑆𝑇 𝐶̇9

Ex9
=

𝐶̇10

Ex10
 

c9=c10 

c10= c13 

Condenser 1 𝐶̇10 + 𝐶̇15 + 𝑍̇
cond1 = 𝐶̇11 + 𝐶̇16 𝐶̇10

Ex10
=

𝐶̇11

Ex11
 

c10=c11 

c15= 0 

Pump 1 𝐶̇11 + 𝐶̇𝑆𝑇 + 𝑍̇
Pump1 = 𝐶̇12 𝐶̇𝑃𝑢𝑚𝑝1

𝑊̇Pump1

=
𝐶̇𝑆𝑇

𝑊̇ST

 
 

Dereatear 𝐶̇12 + 𝐶̇13 + 𝑍̇
Derea = 𝐶̇14 𝐶̇12

Ex12
=

𝐶̇14

Ex14
 

 

Pump 2 𝐶̇14 + 𝐶̇𝑆𝑇 + 𝑍̇
Pump2 = 𝐶̇8 𝐶̇𝑃𝑢𝑚𝑝2

𝑊̇Pump2

=
𝐶̇𝑆𝑇

𝑊̇ST

 
 

Evaporator 𝐶̇6 + 𝐶̇18 + 𝑍̇
evap = 𝐶̇7 + 𝐶̇19 𝐶̇6

Ex6
=

𝐶̇7

Ex7
 

𝑐6 =𝑐7  

ORCT 𝐶̇19+𝑍̇𝑂𝑅𝐶𝑇 = 𝐶̇20 + 𝐶̇𝑂𝑅𝐶𝑇 𝐶̇19

Ex19
=

𝐶̇20

Ex20
 

𝑐19 =𝑐20  

HE 𝐶̇20 + 𝐶̇17 + 𝑍̇
OHE = 𝐶̇21 + 𝐶̇18 𝐶̇20

Ex20
=

𝐶̇21

Ex21
 

𝑐20 =𝑐21  

Condenser 2 𝐶̇21 + 𝐶̇24 + 𝑍̇
𝑐𝑜𝑛𝑑2 = 𝐶̇22 + 𝐶̇23 𝐶̇21

Ex21
=

𝐶̇22

Ex22
 

𝑐21 =𝑐22  

Pump3 𝐶̇22 + 𝐶̇𝑂𝑅𝑃 + 𝑍̇
Opump = 𝐶̇17 𝐶̇𝑂𝑅𝑃

𝑊̇Opump

=
𝐶̇𝑂𝑅𝑇

𝑊̇ORT

 

                                      

3.8. ASSUMPTIONS AND INPUT PARAMETER TO THE GSO CC 

 

The general assumptions made for the simulation of the combined system are listed as 

follows: 

 

• All components of the combined system operate under steady-state conditions 

• Compositions of air at the inlet of the AC are 79% N2 and 21% O2. 
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• Natural gas is completely oxidized in the CC. 

• Ideal gas principles apply to the exhaust gases. 

• The CC is insulated completely. 

 

The input data for the GSO CC analysis is recorded in Table 3.3. 

 

Table 3.3 Operation condition used for the GSO CC 

Parameter Value 

Compression ratio 12 

Mass flow rate of fuel (kg/s) 2.4 

Mass flow rate of exhaust gases (kg/s) 145 

Exhaust gases temperature (K) 500 

Ambient temperature (K) 288 

Boiler pressure (bar) 100 

Condenser pressure (bar) 0.5 

Steam turbine inlet temperature (K) 750 

Turbine efficiency (%) 90 

Compressor efficiency (%) 86 

Pump efficiency (%) 85 

  

3.9. COMBINED SYSTEM INTEGRATION IN EES 

 

The EES program is used in the simulation of the GSO CC. The program offers 

integral solutions, optimization, and graphing. The mass balance, energy balance, and 

exergy balance analysis of each component is done by using the EES program. In 

addition, different investigations were completed using EES to find the effect of the 

input parameters on the GSO CC, such as net work, thermal efficiency, exergy 

efficiency, and energy cost. Figure 3.2 presents a flow chart for the EES programming 

based on mathematical modelling of the GSO CC. 
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Figure 3.2. Flow chart of the GSO CC 
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PART 4 

 

RESULTS AND DISCUSSION 

 

This section describes the outcomes of thermodynamics, economic modelling, and the 

impact of different design factors on the performance of the GSO CC cycle. The 

suggested heat and power combined cycle system of this research consists of four 

160 MW gas turbine cycles with exhaust gases directed into a single-pressure heat 

recovery steam generator (HRSG) to generate heat. The HRSG receives the water, 

which exits as superheated vapour. The superheated vapour is introduced into the ST 

to create additional electricity. Ultimately, a bottoming cycle of the ORC is added to 

boost system efficiency and maximize the benefit of heat losses, in which the gases 

ejected from the HRSG are sent to the ORC evaporator. The essential input parameters 

of the GSO CC cycles are presented in Table 4.2. Table 4.3 details the suggested 

model’s thermodynamic parameters, including each state’s mass, enthalpy, entropy, 

and exergy flow rates. 

 

Table 4.1. Validation of the Brayton cycle model. 

Parameter Standard Present Model 

Ambient pressure (bar) 1.013 1.013 

Ambient temperature (K) 288 288 

Pressure ratio 12.1 12.1 

Exhaust Flow (kg/s) 145 145.5 

Power output (MW) 42.1 41.85 

Thermal efficiency - 29.13 
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Table 4.2. Operation condition used for the GSO CC model 

 Parameter Value 

GT cycle Compression ratio 11 

Air mass flow rate (kg/s) 142.6*4 

GTIT (°C) 1177 

Ambient temperature (°C) 27 

LHV of fuel ((kJ/kg) 50056 

ηAC (%) 84 

ηGT (%) 88 

ηCC (%) 99.5 

RC cycle ST inlet pressure (bar) 100 

Condenser Temperature (°C) 50 

ηST (%) 90 

ηPump (%) 80 

Effectiveness of HRSG (%) 70 

ORC cycle OST inlet pressure (kPa) 800 

Condenser pressure (bar) 1.2 

Effectiveness of evaporator (%) 70 

Working fluid R123 

 

Table 4.3. Properties for each state for the GSO CC model at the optimum condition. 

State m 

(kg/s) 

Pressure 

(kPa) 

Temperature 

(K) 

Entropy 

(kJ/kg. K) 

Enthalpy 

(KJ/kg) 

Exergy 

(MW) 

1 498.4 101.3 300 233.6 5.762 0 

2 498.4 1226 679.2 627.8 5.886 203.7 

3 11.2 101.3 288 −4,672 11.53 518.2 

4 509.6 1,165 1450 235.2 8.164 508.8 

5 509.6 107.7 919.8 −425.5 8.3 200.72 

6 509.6 104.5 500 −904 7.617 41.52 

7 509.6 101.3 400 −1,012 7.386 19.4 

8 67.56 10,133 445.7 735.5 2.055 11.77 

9 67.56 9,829 869.8 3,619 6.904 140.5 

10 54.04 12.26 323 2,339 7.298 36.89 

11 54.04 12.26 323 208.7 0.7019 2.889 

12 54.04 100 323 208.8 0.702 2.893 

13 13.51 100 372.8 2617 7.203 13.36 

14 67.56 100 372.8 690.4 2.035 9.136 

15 637.1 100 300 2,028 7.082 0 

16 637.1 100 310 2,781 9.551 7.854 

17 177.2 800 306.4 235 1.119 0.1125 

18 177.2 800 359.6 292.9 1.292 1.222 

19 177.2 800 480 540 1.92 11.86 

20 177.2 121.6 428.4 499.3 1.931 4.088 

21 177.2 121.6 306.1 402.8 1.669 0.8161 

22 177.2 121.6 306.1 234.4 1.119 0.02848 

23 39.62 100 300 2,028 7.082 0 

24 39.62 100 305 2,404 8.326 0.1238 
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4.1. ENERGY ANALYSIS RESULTS 

 

Table 4.4 presents the findings of an energy analysis performed on the components of 

the GSO CC model under the input parameters listed in Table 4.2. The Ẇnet of the BC 

model is 167.3 MW, with First Law efficiency (ηI) of 28.74%, and Second Law 

efficiency (ηII) of 27.74%. The RC/ORC model generates 258.2 MW of power by 

adding RC and ORC cycles. Therefore, the ηI of the RC/ORC cycle increases to 

44.37%, and ηII increases to 42.84%. 

 

Table 4.4. Performance of the GSO CC model 

 BC model ORC model 

Net output power 167.3 258.2 

Overall exergy efficiency  27.75 42.84 

Overall thermal efficiency 28.74 44.37 

 

4.2. EXERGY ANALYSIS RESULTS 

 

As shown in Table 4.5, the total exergy input and exergy destruction for the RC/ORC 

model are illustrated. The total exergy destruction for all components is approximately 

315.3 MW, accounting for 52.31% of the total exergy input to the GT-RC/ORC. 

Therefore, the valuable work of the GSO CC is 258.2 MW, and its percentage is almost 

42.84%. The remaining part of the exergy is released with the exhaust gases to the 

surrounding environment, and its percentage is nearly 4.85%. 

 

Table 4.5. Exergy input, output, and losses of the model 

Exergy Values (MW) Percentage (%) 

Input 602.7 100% 

Output (network) 258.2 42.84% 

Exergy destruction 315.3 52.31% 

Exergy losses 29.2 4.85% 

Total 602.7 100% 

 

The exergy analysis findings for the RC/ORC system components under ideal 

conditions are shown in Table 4.6. This table demonstrates that the combustion 

chambers are where the greatest exergy is lost due to the highly irreversible nature of 

the combustion process (approx. 57.3%). The HRSG and condenser 1 have the second 
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and third ranks, respectively, whereas pump 1 experiences the most negligible exergy 

loss (0.0004%). According to Table 4.6, the highest exergy efficiency is associated 

with the gas turbine (94.2%). 

 

Table 4.6. Exergy analysis for each component of the (GSO CC) model 

Component 𝑬̇𝒊𝒏𝒑𝒖𝒕 

(MW) 

𝑬̇𝒐𝒖𝒕𝒑𝒖𝒕 

(MW) 

𝑬̇𝒅𝒆𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏 

(MW) 

𝑬̇𝒅𝒆𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏 

(%) 

Exergy 

efficiency 

(%) 

AC 224.8 203.7 21.17 6.9 90.6 

CC 784.8 608.7 176.1 57.3 77.6 

GT 408 384.3 23.73 7.7 94.2 

HRSG 159.2 128.8 30.39 9.88 80.9 

ST 90.3 82.69 7.6 2.5 91.85 

Condenser 1 34 7.85 26.16 8.5 23.1 

Deaerator 16.25 9.14 7.12 2.31 56.22 

Pump 1 0.006 0.005 0.001 0.0004 81.4 

Pump 2 3.05 2.63 0.411 0.134 86.5 

ORB 22.14 10.63 11.5 3.74 48 

ORT 7.77 7.21 0.55 0.18 92.86 

HE 3.27 1.11 2.16 0.7 34 

Condenser 2 0.79 0.124 0.66 0.22 15.72 

ORP 0.104 0.084 0.02 0.0066 80.6 

 

4.3. EXERGO-ECONOMIC ANALYSIS RESULTS 

 

Exergo-economic analysis is a valuable method for assessing the performance of a 

thermal system. Table 4.7 shows the cost rates and the cost rates per exergy for each 

stream in the GSO CC system. The best cost rate is shown in this table for fuel entering 

and exhaust gases leaving the combustion chamber. The findings of the exergo-

economic study for the GSO CC system are shown in Table 4.8. The results indicate 

that the combustion chamber and steam generator had the highest 𝑍̇ 𝐾 + 𝐶̇ 𝐷 values, 

correspondingly. It is clear that condensers have a more considerable relative cost 

difference than other components because they are less efficient. Evaluating the 

exergo-economic factor demonstrates that 63% of this cost is attributable to the cost 

of exergy destruction, whereas only 37% is attributable to investment costs. 
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Table 4.9 shows the energy cost analysis of the GSO CC system. These findings reveal 

that the cost of the power produced by the BC is $370.50/h, and the cost of the energy 

produced by the GSO CC system is $2,470.40/h. The table also shows how each 

megawatt produced from the GSO CC system costs $9.03, whereas it is $8.24 for the 

ORC. 

 

Table 4.7. Cost rates and cost rates per unit of exergy of streams in the GSO CC system 

State 𝑪̇ ($/h) c ($/GJ) 

1 0 0 

2 16,522 22.53 

3 26,035 12 

4 42,578 18.9 

5 14,284 18.9 

6 2,873 18.9 

7 1,364 18.9 

8 1,931 43.72 

9 13,475 25.46 

10 3,496 25.46 

11 273.3 25.46 

12 273.9 25.48 

13 1,269 25.46 

14 1,599 46.83 

15 0 0 

16 3,225 99.85 

17 26.12 64.34 

18 617.2 140 

19 2,141 50.07 

20 738.4 50.07 

21 147.4 50.07 

22 5.144 50.07 

23 0 0 

24 147.2 329.5 
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Table 4.8. Exergo-economic results of components of the GSO CC system. 

 

Table 4.9. Energy cost analysis of the GSO CC. 

 BC model GT-ORC model  

Total cost ($/h) 1,378 2,470.7 

Electricity cost ($/MW) 8.24 9.03 

 

4.4. PARAMETRIC STUDY RESULTS 

 

The effects of changing pressure ratio (Pr), compressor isentropic efficiency (ηAC), gas 

turbine isentropic efficiency (ηGT), gas turbine inlet temperature (GTIT), boiler 

pressure (Pboiler), condenser temperature (Tcondenser), and ambient temperature (Tamb) on 

the performance and cost of the GSO CC system are analyzed here. 

 

Figures 4.1 and 4.2 present the impact of the pressure ratio (Pr) on the GSO CC 

system’s performance and cost. The findings demonstrate that ẆBC increases with an 

increase in Pr until it reaches a maximum point and then decreases with further 

increases in Pr. At high values of Pr, the power consumed by the compressors increases 

and affects ẆBC negatively. The maximum ẆBC was obtained at 10 bar (162 MW). 

The curves also illustrate that Ẇnet for the GSO CC system decreases with an increase 

in Pr. At the lower value of Pr, the exhaust temperature from the BC is very high and 

positively affects ẆRC and ẆORC. The findings reveal that when Pr increases from 4 

to 16 bar, Ẇnet decreases from 277.6 MW to 239 MW for the GSO CC system. 

Component 𝒄𝒇 

($/GJ) 

𝒄𝒑 

($/GJ) 

𝑪̇ 𝑫 

($/h) 

𝒁̇ 𝑲 

($/h) 

𝒁̇ 𝑲 + 𝑪̇ 𝑫 

($/h) 

𝒓 

(%) 

𝒇 

(%) 

AC 20.41 22.27 120 190.4 310.4 9.12 61.33 

CC 14.66 18.9 735.8 20.1 755.9 28.94 2.65 

GT 18.9 20.18 124.2 187.9 312.1 6.75 60.22 

HRSG 18.9 23.8 172.9 133 305.9 25.98 43.46 

ST 25.46 28.65 56.56 268 324.5 12.55 82.75 

Condenser 1 25.46 99.85 185.3 1.5 186.8 292.2 0.82 

Deaerator 25.46 46.83 51.94 56.46 108.4 83.91 52.07 

Pump 1 28.65 35.99 0.0091 0.014 0.0236 25.95 61.18 

Pump 2 28.65 33.12 3.439 0.074 3.513 15.58 2.1 

ORB 18.9 39.73 60.53 14.5 75.02 110.2 19.31 

ORT 50.07 55.28 7.728 35.65 43.38 10.42 82.19 

HE 50.07 147.7 30.14 0.08 30.22 195 0.254 

Condenser 2 50.07 329.5 9.251 4.9 14.15 558 34.62 

ORP 55.28 69.18 0.311 0.181 0.492 25.13 36.82 

Total system - - 1,558.0 912.4 2,470.4 - - 
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Figure 4.2 reveals the effect of Pr on the efficiencies and cost of the GSO CC system. 

The GSO CC system’s efficiencies and cost improve with a rise in Pr until it peaks and 

then declines with additional increases in Pr. At high values of Pr, Ẇnet decreases and 

negatively affects the efficiencies of the GSO CC system. The maximum ηenergy and 

ηexergy were obtained at 13 bar (43.89% and 42.38%, respectively). The results also 

showed that the lower GSO CC system cost was obtained at lower Pr. For the GSO CC 

system, the lowest Ċelectricity is obtained at 7.5 bar ($7.70/MWh), and then Ċelectricity 

jumps to $9.33/MWh at 16 bar. 

 

 
Figure 4.1. Variation of Ẇnet with pressure ratio (Pr). 

 

 
Figure 4.2. Variation of ηenergy, ηexergy, and Ċelectricity with pressure ratio (Pr) 
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4.5. STUDYING THE EFFECT OF COMPRESSOR ISENTROPIC 

EFFICIENCY 

 

The influence of air compressor isentropic efficiency (ηAC) on system performance and 

total cost rate is shown in Figures 4.3 and 4.4. The figures revealed that a rise in ηAC 

results in an increase in both Ẇnet and the efficiencies of the GSO CC system. If the 

airflow rates remain constant, increasing the ηAC will reduce the power consumption 

of the compressor, increasing the gas turbine’s power production. Figure 4.3 shows 

that a change in ηAC from 70% to approximately 88% increases total Ẇnet from 

215.6 MW to 275 MW. Figure 4.4 shows that when ηAC was raised, the First- and 

Second-Law efficiencies of the cycle would improve. The results indicate that 

increasing ηAC is needed in order to attain greater efficiency. However, this is not 

economical. Based on these findings, increasing ηAC from 70% to approximately 84% 

results in a lower cycle’s overall cost. However, further raising ηAC to beyond 84% 

superfast the cycle’s overall cost. 

 

 
Figure 4.3. Variation of Ẇnet with ηAC 
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Figure 4.4. Variation of ηenergy, ηexergy, and Ċelectricity with ηAC 

 

4.6. STUDYING THE EFFECT OF TURBINE ISENTROPIC EFFICIENCY 

 

Figures 4.5 and 4.6 show how the isentropic efficiency of gas turbines (ηGT) affects 

the performance of the GSO CC system and the rate of total costs. Ẇnet and the 

efficiencies of the suggested system improved by increasing ηGT. By maximizing ηGT, 

the exergy destruction rate of the system was reduced and hence boosted the overall 

net and efficiencies of the proposed system. Figure 4.5 presents that when ηGT 

increases from 0.7 to 0.9, Ẇnet improves from 212.1 MW to 270 MW for the system. 

Additionally, ηenergy of the GSO CC system increases from 36.45% to 46.75 % and 

ηexergy rises from 35.2% to 44.78%, as seen in Figure 4.6. By increasing ηGT, the overall 

cost rate of the system initially drops and subsequently rises. As the gas turbine’s 

isentropic efficiency rises, the investment cost rate of the ORC components increases 

by growing the mass flow rate of the working fluid. As a result of these variations, the 

overall cost rate will initially fall and then rise. With an increase in ηGT, Ċelectricity drops 

significantly from $14.40/MWh until it reaches a minimum value of $9.03/MWh at 

ηGT of 86%, and then it increases to $9.24/MWh at ηGT of 90%. 
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Figure 4.5. Variation of Ẇnet with ηGT 

 

 

Figure 4.6. Variation of ηenergy, ηexergy, and Ċelectricity with ηGT 
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and ORC. Additionally, when the GTIT increases, the overall system becomes more 

efficient. Therefore, an increase in the GTIT from 1,200 K to 1,525 K dramatically 

increases Ẇnet from 133.2 MW to 282.6 MW, and ηenergy improves substantially from 

36.74% to 45.29%, while ηexergy increases from 35.74% to 43.73%. Figure 4.8 also 

illustrates how a change in the GTIT affects the entire cost of the cycle. Ċelectricity first 

declines drastically when the GTIT rises but subsequently considerably increases at 

higher GTIT levels. Ċelectricity becomes minimal at a GTIT of 1,475 K, leading to 

minimum Ċelectricity at $8.24/MWh. With an increase in the GTIT, Ċelectricity reduces 

significantly from $14.86/MWh until it falls to a minimum value of $8.24/MWh at a 

GTIT of 1,475 K, and then increases to $8.86/MWh at a GTIT of 1,525 K. 

 

 

Figure 4.7. Variation of Ẇnet with GTIT 
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Figure 4.8. Variation of ηenergy, ηexergy, and Ċelectricity with GTIT 
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Figure 4.9. Variation of Ẇnet with boiler pressure 

 

 

Figure 4.10. Variation of ηenergy, ηexergy, and Ċelectricity with boiler pressure 
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Figure 4.11. Figure 4.12 also shows how ηenergy falls from 45.27 to 43.19%, while 

ηexergy decreases from 43.71% to 41.7%. The results also show that the diminishment 

in the Ẇnet of the GSO CC leads to an increase in Ċelectricity at high Tcondenser. Ċelectricity 

increases from $8.70/MWh to $9.524/MWh with variations of Tcondenser between 303 K 

and 348 K. 

 

 

Figure 4.11. Variation of Ẇnet with condenser temperature. 

 

 

Figure 4.12. Variation of ηenergy, ηexergy, and Ċelectricity with condenser temperature. 

 

 

300 305 310 315 320 325 330 335 340 345 350
140

160

180

200

220

240

260

Condenser temperature, [K]

W
o

rk
 n

e
t,

 [
M

W
]

WBCWBC

WnetWnet

300 305 310 315 320 325 330 335 340 345 350
40

41

42

43

44

45

46

8

8.5

9

9.5

10

Condenser temperature, [K]

E
ff

ic
ie

n
c
ie

s
, 

[%
]

hoverallhoverall

y overally overall

Celectricity,totalCelectricity,total

C
e
le

c
tr

ic
it

y
,t

o
ta

l 
 [

U
S

D
/M

W
h

]



59 

 

 

PART 5 

 

CONCLUSION 

 

This research was undertaken on the Baghdad-based Taji gas station in the context of 

integrating the plant with the Rankine cycle and organic Rankine cycle to verify waste 

heat recovery to produce extra electricity and reduce environmental emissions. Using 

this work as a foundation is advantageous, and it may be used to generate additional 

energy in the future. The key conclusions of the research may be stated as follows: 

 

• The Ẇnet of the BC model is 167.3 MW, with ηenergy of 28.74%, and ηexergy of 

27.74%. The GSO CC model increases Ẇnet to 258.2 MW of power by adding 

RC and ORC cycles. The, the ηenergy of the GSO CC cycle improves to 44.37%, 

and ηexergy to 42.84%. 

• The total exergy destruction for all components is approximately 315.3 MW, 

accounting for 52.31% of the total exergy input to the GSO CC. Therefore, the 

valuable work of the GSO CC is 258.2 MW, and its percentage is almost 

42.84%. 

• The cost of the energy produced by the GSO CC system is $2,470.4/h (each 

megawatt produced from by GSO CC system costs $9.03). 

• The exergo-economic factor demonstrates that 63% of the cost is attributable to 

the cost of exergy destruction, whereas only 37% is attributable to investment 

costs. 

• Ẇnet for the GSO CC system decreases with an increase in Pr. At the lower value 

of Pr, the exhaust temperature from BC is very high and affected positively by 

ẆRC and ẆORC. 

• The efficiencies of the GSO CC system and cost improve with a rise in Pr until 

it arrives at a peak and then declines with additional increases in Pr. 

• The efficiencies of the GSO CC system grow with the pressure ratio up to a 

maximum, beyond which they decrease with further increases in Pr. 
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• With the change in ηAC from 70% to approximately 88%, Ẇnet increases from 

215.6 MW to 275 MW in the GSO CC system. 

• Increasing ηAC from 70% to approximately 84% results in a lower cycle’s overall 

cost. However, further increasing ηAC beyond 84% increases the cycle’s overall 

cost. 

• When ηGT increases from 0.7 to 0.9, Ẇnet increases from 212.1 MW to 270 MW 

for the system. Moreover, ηenergy of the GSO CC system increases from 36.45% 

to 46.75% and ηexergy rises from 35.2% to 44.78%. 

• With an increase in ηGT, Ċelectricity drops significantly from $14.40/MWh until it 

reaches a minimum value of $9.03/MWh at ηGT of 86%, and then increases to 

$9.24/MWh at ηGT of 90%. 

• Increasing GTIT from 1,200 K to 1,525 K dramatically increases Ẇnet from 

133.2 MW to 282.6 MW, and ηenergy increases substantially from 36.74% to 

45.29% while ηexergy increases from 35.74% to 43.73%. 

• Ċelectricity becomes minimal at GTIT of 1,475 K, leading to a minimum cost of 

$8.24/MWh. 

• When Pboiler climbs from 75 to 130 bar, the Ẇnet for the GSO CC system 

increases from 256 MW to 260 MW, and Ċelectricity drops from $9.15/MWh to 

$8.93/MWh. 

• When Tcondenser rises, the RC’s power output decreases, limiting the Ẇnet, ηenergy, 

and ηexergy of the GSO CC system. The Ẇnet drops from 263.4 MW to 251.3 MW 

(approximately 12.1 MW) when Tcondenser increases from 303 K to 348 K. 

• The reduction in the Ẇnet of GSO CC leads to an increase in Ċelectricity at high 

Tcondenser. Ċelectricity increases from $8.70/MWh to $9.524/MWh with a variety of 

Tcondenser between 303 K and 348 K. 
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