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ABSTRACT

Combined cycle power plants (CCPPs) are crucial in satisfying the increasing energy
needs because of their superior efficiency and flexibility in comparison to single-cycle
thermal power plants. However, achieving more improvements in thermal efficiency
remains a key challenge. CCPPs are designed to run on specific operating conditions to
fetch their maximum efficiency. Ambient temperature is one of those significant
operating conditions. As the ambient air temperature rises, the performance of gas
turbine power plants decreases. It is essential to mitigate the adverse effects of high
ambient air temperature by cooling it before intake to the air compressor.

Therefore, this research addresses this challenge by integrating an inlet air cooler based
on a double-effect vapour absorption refrigeration system (VARS). The VARS utilizes
the waste heat of CCPP exhaust gas as the heat input to cool the air at the compressor’s
inlet. The improvements are seen in terms of energy, exergy, and sustainability aspects
of an integrated CCPP as compared to the standalone CCPP. The energy analysis reveals
the maximum improvements in work output and thermal efficiency of 5.04% and
1.64%, respectively. Furthermore, the results show that as the ambient temperature
rises, the work output of the standalone CCPP system decreases faster than that of the
integrated CCPP system. Also, the maximum yield in exergetic efficiency and total
work output is observed at the degrees of cooling of 8K and 18K, respectively.
Therefore, this system can be operated suitably within this range of degrees of cooling.
Besides, the exergy-based sustainability indicators are found to be improved. The
environmental sustainability index has increased by up to 3.52%, showing improved
fuel utilization. This also indicates that, for the same amount of emissions, the integrated
CCPP plant generates more power.

The performance of CCPP is further investigated as the effect of various input
parameters, such as the compressor pressure ratio, and gas turbine inlet temperature.
The effect is obtained on the exergetic performance of the CCPP system as a whole and
its components. After the most influential operating parameters have been identified,
the mathematical model is then subjected to multi-objective optimization using a
genetic algorithm. According to the Pareto set of optimal solutions, cooling the inlet air
by 16.5K results in the highest net specific work output, but, increased exergy



destruction. Increased exergy destruction, on the other hand, is undesirable. However,
if the cost of power per unit is high, this could be economically advantageous.

Exergy analysis is then advanced in a subsequent section by splitting the exergy
destruction into avoidable and unavoidable components so that the amount of avoidable
exergy destruction in each component can be obtained. Results show that under the
standard settings, the avoidable exergy destruction accounts for 25.02% of the overall
exergy destruction. Additionally, the heat recovery steam generator exhibits the highest
potential to mitigate irreversibility generation, accounting for 91.53% of its overall
irreversibility. In contrast, the combustion chamber has the lowest potential,

contributing only 6.94% of its total irreversibility.

Furthermore, the synergistic combination of advanced exergy and exergy costing
methods extends analysis to advanced exergoeconomic analysis, and the resulting
optimization is referred to as advanced exergoeconomic optimization. Using auxiliary
equations and cost equations for capital costs, the cost functions for each stream are
then derived and solved to determine the cost parameters of each component of the
CCPP. Investigation subsequently yields the total capital cost and the total cost rate of
exergy destruction. Each of these cost factors is also split into avoidable and
unavoidable parts. The suggested set of optimal solutions approximates the pressure
ratio of 13, 10K degree of cooling, and turbine inlet temperature of 1564K when the
operational parameters are optimized to achieve improved modified exergetic efficiency

and minimized unavoidable cost per unit of power generation.

The outcomes of this research contribute to advancing the state-of-the-art in CCPP
technology, offering practical solutions for enhancing energy efficiency and

sustainability in power generation.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Overview

The utilization of energy is familiarly correlated with the state of well-being and
prosperity on a global scale. Addressing the increasing demand for energy in a manner
that emphasizes safety and environmental responsibility is a significant problem. One
significant factor that influences the need for energy is the inherent human need to
maintain and enhance our own well-being, as well as that of our families and
communities. The global population currently stands at approximately eight billion
people, and the anticipated growth in population is expected to result in a corresponding
rise in the demand for energy. This demand is contingent upon the sufficiency of
available energy supplies. Moreover, the escalating population and economic progress
in several nations carry significant ramifications for the environment, since the energy
production procedures discharge pollutants, a considerable portion of which pose harm

to ecosystems.

Fossil fuels are a long-standing major source of electricity generation worldwide. The
combustion of fossil fuels leads to the emission of substantial quantities of greenhouse
gases, specifically CO>. Coal, the fossil fuel with the highest carbon intensity, continues
to contribute one-third of electricity generation [1]. On the contrary, natural gas-based
generation exhibits the benefit of producing reduced man-made carbon emissions in
comparison to coal. Power generation shifted from coal to natural gas would emit 30—
55% lesser CO. equivalent greenhouse emissions per unit of electricity generation,
according to a study [2]. According to the International Energy Agency (IEA), gas-
based power generation has emerged as a significant source of energy, accounting for

about a quarter of global electricity production [3].



1.2 Prime Movers

A prime mover is a machine that transforms primary energy into mechanical energy.
Choosing an appropriate prime mover is crucial for meeting demand requirements.
Therefore, engineers and designers are particularly concerned with the selection of this
component. Internal combustion engines, gas turbines, micro turbines, and fuel cells are
all examples of prime mover types [4]. Listed below are the prime movers associated
with the CCPP.

1.2.1 Gas Turbine

A gas turbine (GT) is one of the most suitable prime movers fired by natural gas-based
combustion. The gas turbine is an internal combustion engine that consists of an
upstream compressor, a downstream turbine, and a combustor housed between them.
The combustion chamber gets an energy input, where fuel is combined with heated air
and subsequently ignites in the gas stream. Within the intense conditions of the
combustor, the burning of the fuel leads to a rise in temperature. The by-products of the
combustion process are directed into the turbine part in order to generate mechanical
energy. At that location, the gas flow exhibits a significant speed and quantity, which is
channelled through a nozzle towards the turbine blades. This rotation of the turbine
generates power for the compressor and, in general cases, thrusts their mechanical
output. The turbine receives energy from the reduction in temperature and pressure of
the exhaust gas known as exhaust expansion. In a realistic gas turbine, gases are initially
augmented using either a centrifugal or radial compressor [5].

Subsequently, the gases are decelerated by the use of a diverging nozzle, commonly
referred to as a diffuser. These procedures result in an increase in both the pressure and
temperature of the fluid. In an ideal system, it is an isentropic process. Nevertheless, in

practical use, energy dissipates as heat as a result of friction and turbulence [6].

The gases are consequently transported from the diffuser to the combustion chamber,
where they undergo thermal expansion. This occurs in an ideal system under constant
pressure. An increase in the specific volume of the gases results from the absence of a
change in pressure. In real-world scenarios, this process often involves a slight decrease
in pressure caused by friction. Ultimately, the greater amount of gases is expanded and

propelled by nozzle guide vanes, leading to the production of energy by a turbine [7].



Gas turbines usually operate on an open cycle. Fig. 1. 1 represents the schematic

diagram of open cycle gas turbine plant.
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Fig. 1. 1 Schematic diagram of gas turbine plant

The thermodynamic cycle for gas turbines is referred to as the Brayton cycle. Fig. 1. 2
illustrates the Brayton cycle, showcasing the thermodynamic processes occurring in
each component of the gas turbine cycle. The air undergoes compression in the
compressor, as it is taken from the surrounding environment into the compressor intake.
The compressor increases both the pressure and temperature of the air by utilizing
compression work, which is provided by the turbine. The pressurized air enters the
combustion chamber, where the fuel undergoes burning under continuous pressure. This
additional heat elevates the temperature to the turbine inlet temperature, which is the
highest temperature in the cycle. Subsequently, the elevated temperature gases go into
the turbine, where they undergo expansion to reach atmospheric pressure, generating
sufficient power to operate the compressor and generate net shaft work. Ultimately, heat
is expelled into the atmosphere [8]. The exhaust exiting the gas turbine are released to
the environment (not recirculated), known as the classification of the cycle as an open
cycle. The majority of turbines utilized in power generation have axial flow

compressors [9].
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Fig. 1. 2 T-s diagram of Brayton cycle
1.2.2 Steam Turbine

The steam turbine is a highly efficient prime mover used to transform the thermal energy
of steam into mechanical energy. Irrespective of their classification as turbines or not,
steam engines are purpose-designed to convert the energy present in steam at a high
pressure into motion through the expansion of the steam. In turbine designs, the slow
expansion of steam via many sets of blades allows for significantly better efficiency
compared to a single-step expansion. The steam undergoes expansion as it passes
through a series of rotating blades on a shaft and stationary blades in a casing, resulting
in the creation of entirely rotational motion. The steam turbine, when combined with an
electric generator, is a highly significant method for generating large quantities of
electric power globally [10]. A contemporary steam turbine typically consists of three
stages. The high-pressure segment is equipped with small blades. Their small size is a
result of the tremendous energy and temperature of the entering steam. Once the steam
has passed through the high-pressure portion, it is returned to the boiler for the purpose
of being warmed. Following this, the steam is directed towards the intermediate pressure
section, which is the subsequent part of the steam turbine. The blades in this location

possess greater dimensions compared to the blades found in the high-pressure area.



Upon traversing this portion, the steam is directed toward the low-pressure segment of
the turbine [11]. Due to the prior extraction of a significant amount of energy from the
steam, the blades in this section of the turbine are the largest. The steam is discharged
from the turbine through the lower section, where it undergoes condensation and returns
to its liquid state as water. Subsequently, it is returned to the boiler in order to be
converted back into steam. The steam turbine is commonly employed in a combined
heat and power system [12]. The thermodynamic cycle utilized for the steam turbine
plant is the Rankine cycle. Fig. 1. 3 illustrates the T-s diagram of the Rankine cycle,
depicting the process of pumping water from the condenser pressure at point ‘7' to the
boiler pressure at point '8'. Boiling occurs in three distinct stages: water preheating,
evaporating (steam production), and superheating. Subsequently, it undergoes

expansion via several turbine stages until it reaches the condenser pressure at point '6'

4

5

and is then condensed to return to point 7.

'I‘.il

kY
.
A

Fig. 1. 3 Rankine cycle on T-s diagram

Gas turbine and steam turbine facilities operating in an isolated mode provide
electricity, albeit with significantly lower energy efficiency. The energy efficiency of a
basic gas turbine cycle ranges from 25% to 35%, whereas for steam turbines it may
reach up to 47% (in the case of large Steam Turbines) [13]. Nevertheless, the integration

of a gas turbine cycle with a steam turbine in a combined arrangement enhances both



the efficiency and the total work production. The arrangement is well recognized as a

combined cycle power plant.
1.3 Combined cycle power plant

The superiority of a combined cycle power plant (CCPP) over standalone gas turbine
and steam turbine plants lies in its enhanced efficiency and overall performance. The
primary benefit resides in its capacity for maximizing fuel utilization by sequentially
operating both gas and steam turbines. Within a CCPP, the high-temperature waste
gases emitted by the gas turbine are harnessed to make steam. This steam is
subsequently utilized to power a steam turbine, so generating supplementary electrical
energy. The use of this dual-cycle architecture greatly enhances the total efficiency by
harnessing and using the waste heat that would otherwise be dissipated in an
independent gas turbine facility. The integration of gas and steam cycles enables
increased thermal efficiency, leading to increased power production from a given fuel
quantity. The increase in efficiency leads to less fuel consumption, decreased pollutants,
and eventually decreased operational costs. Furthermore, the CCPP has the capability
to adapt to varying power requirements with high efficiency, making them a dependable

and economically viable option for electricity production [14].

It has three major components i.e. gas turbine, Heat recovery steam generator, and steam
turbine [15]. The performance of gas turbines significantly contributes to the overall
performance of power plants, so Gas turbine is considered a foremost influencer in
CCPP [16]. Further improvements in Gas turbines resulted in higher thermal efficiency
of the CCPP. Mainly four potential Gas Turbine cycles namely simple cycle, intercooled
cycle, reheat cycle, and intercooled and reheated cycle are optimized and analyzed. One
of these enhancements is the reheated gas turbine cycle, which causes higher exhaust
temperature which ultimately improves the thermal efficiency of the steam turbine cycle

hence the overall cycle [17].
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Fig. 1. 4 Schematic of a typical CCPP system

1.4 Heat Recovery Steam Generator

In a CCPP, a heat recovery steam generator (HRSG) recovers the waste heat from the
gas turbine to generate steam for the steam cycle. The performance of the HRSG
significantly affects the overall performance of a combined-cycle power plant. The
steam produced in the HRSG varies in pressure levels depending on the design [18].
Three discrete heat exchanger components comprise the HRSG: the economizer,
evaporator, and superheater. In that order, the combustion gases pass through the
economizer package, superheater, and evaporator package. The process of heat transfer
from the gas side to the water-steam comprises three discrete stages. In the economizer,
the input water is heated to a temperature close to its saturation point. When water
evaporates within the evaporator at a constant temperature and pressure, saturated steam

is generated. The superheater utilizes the high-temperature heat from the exhaust to



raise the temperature of the steam produced in the evaporator. The steam turbine is
supplied with superheated steam [19].

To enhance heat recovery in the HRSG, multiple pressure levels are employed.
Approximately 30% of the overall power generated in the plant is produced by the steam
turbine in a single-pressure HRSG system. Implementing a dual-pressure configuration
has the potential to enhance the power generation of the steam cycle by as much as 10%.
Furthermore, including a triple-pressure configuration can yield an additional 3%
improvement in power production [20]. However, the increment in cost of developing
triple-pressure HRSG is significantly higher as compared to the improvement in power
production. Fig. 1. 5 and Fig. 1. 6 represent the schematic of single-pressure and double-
pressure HRSG with their intrinsic components followed by the paths of water/steam
and exhaust gas.
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1.5 Advantages of Combined cycle power plant

CCPP systems offer several advantages, including enhanced plant efficiency, lower heat
losses, and wastes, decreased operating costs, lower greenhouse gas emissions,
optimized resource utilization, various generating capabilities, and heightened
dependability [21]. The subsequent sections elaborate on these advantages.
Implementing the CCPP system enhances the overall efficiency of the plant and
diminishes operating expenses. The total efficiency of traditional coal-based steam
power plants that utilize a solitary prime mover and rely on fossil fuels (i.e., Coal) often
falls below 40%. In other words, about 60% of the heat energy of the fuel that enters a
traditional power plant is wasted [22].

By harnessing the waste heat generated by the primary mover, the efficiency of CCPP
electricity generation facilities may potentially exceed 64% [23]. In a CCPP system, the
waste heat produced by the exhaust of the gas turbine unit is utilized to power the steam
generation, followed by steam turbine power generation by eliminating the need for

additional fuel. This distinguishes it from a traditional coal-based power plant, which



relies on external energy supplies. Therefore, a CCPP system consumes less energy to
achieve the same level of production compared to a traditional plant, resulting in

reduced operating expenses.

CCPP also decreases emissions of greenhouse gases. Due to its higher efficiency in
converting fuel into power, a CCPP emits a lower amount of greenhouse
gases compared to a typical power plant. While the emissions of greenhouse gases from
combined cycle plants are lower than those of typical standalone plants, there are
restrictions to deploying CCPP in a dispersed way because of the on-site gas emissions
they produce [24]. Another significant advantage of employing CCPP systems is their
ability to save expenses and energy wastage by requiring fewer power transmission lines
and distribution units. Electricity is often generated through a centralized facility, which
is typically situated at a considerable distance from the end consumer. The deficiencies
incurred during the transmission and distribution of power from the central facility to

the end consumer might amount to around 9% [22].

Because of these advantages, CCPP systems have drawn the attention of academics and
designers. The enhancement in efficiency is frequently the paramount element in
implementing a CCPP system. Prior to selecting the CCPP system, additional
assessments of the initial capital and operational expenses are necessary to confirm the
efficient and cost-effective assembly and performance of the CCPP.

1.6 3E Analyses

3E analysis includes the energy, exergy, and exergoeconomics methods of assessment
of any thermal system [25]. Energy analysis forms the fundamental basis upon which
the performance evaluation of an energy conversion system is built. Energy analysis
begins with the presumption that the components of the system are contained within an
imaginary control volume. The energy interaction is subsequently ascertained within
the control volume by applying the principles of mass and energy conservation. The
energy analysis is conducted in order to derive an approximation of the system's
performance. In energy analysis, thermal efficiency is a prevalent performance
parameter utilized in power cycles, while COP is applied to cooling cycles.

Nevertheless, an inherent limitation of energy analysis is its inability to quantify the
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difference in the system's performance from the ideal conditions that can be attained
under reversible conditions [26].

Exergy analysis [27], derived from the second law of thermodynamics, is frequently
employed to overcome the constraints of energy analysis. Exergy refers to the largest
amount of work that may be extracted from a system when it transitions from an initial
state to a reference state.

Whenever the characteristics of the system differ from those of the surrounding
environment, there is a possibility for productive activity. However, when the system
reaches a state of equilibrium with its environment, the amount of work required to
extract potential or exergy becomes zero. At that moment, the system is said to be in a
state of complete idleness, sometimes referred to as a "dead state.” Exergy is considered
to be the combined characteristic of both the system and its surroundings [28].

By identifying the source, location, and actual magnitude of energy loss, exergy analysis
facilitates more efficient energy utilization. Consequently, exergy analysis is an
exceptionally valuable method for upgrading an existing thermal system or devising
and developing a new energy-efficient thermal system. In contrast to energy analysis,
which assumes the conservation of energy, exergy analysis posits that exergy is
inherently destructive. Exergy destruction occurs when irreversibilities are present in a
system, such as heat transfer facilitated by a finite difference in temperature, fluid
friction, chemical reactions, and so forth. An established method for improving the
performance of a thermal system, exergy analysis identifies the primary locations of
irreversibilities before modifying the operating and design parameters to reduce the
irreversibilities [29].

Although exergy analysis is adequate for examining and enhancing the efficacy of a
thermal system, it fails to consider economic considerations. An optimal thermal system
should possess both high efficiency and cost-effectiveness. Although exergy analysis
can improve the efficiency of a thermal system, it does not ensure that the system will
remain cost-effective [30]. Exergoeconomic analysis, a composite of exergy analysis
and economic principles, is utilized to address this limitation of exergy analysis. It offers
a comprehensive assessment of the performance of a system. Exergoeconomic analysis

furnishes financial data pertaining to a thermal system, encompassing expenses for fuel,
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equipment, operation and maintenance, and the ultimate product. Additionally, it
discloses costs associated with inefficiencies such as exergy degradation and losses,
which are crucial details for optimizing the efficiency of a thermal system and reducing
the ultimate product cost. Exergoeconomic analysis assumes particular significance in
the context of multi-generation systems, which produce electricity, process heat, and
chilled water, among other things, due to its ability to enable cost estimation of each
individual product [31].
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Fig. 1. 7 A flow chart showing the steps of the 3E analysis

1.7 Outline of this Thesis

The thesis has six chapters, which are outlined as follows:
Chapter 1: Introduction

This chapter commences with a concise overview of the current worldwide energy
situation and its environmental implications. It then proceeds to explore the application

of heat recovery steam generation technologies for harnessing the waste heat from gas



turbine exhaust. This discussion proceeds with an overview of the advancement of
the combined cycle power plant system and its several configurations, followed by a
summary of 3E analyses, which encompass Energy, Exergy, and Exergoeconomic
assessments. Finally, this chapter finishes by providing an overview of the thesis.
Chapter 2: Literature Review

This chapter focuses on conducting a thorough review of the existing literature on
combined cycle power plants, specifically exploring the concepts of energy, exergy, and
exergoeconomics, followed by Multi-objective optimization. This chapter also explores
the new methodology of advanced exergy analysis and its associated research.
Furthermore, numerous literary works have also examined the performance-based
parametric investigation to analyze the impact of different operating factors. Data and
pertinent information were taken from various research papers in international journals
and related theses. The findings from multiple Proceedings were also reviewed.
Chapter 3: System Description and Mathematical Modelling

This chapter discusses the description of various configurations of combined cycle
power along with inlet air cooling integration. Moreover, the theoretical background of
energy, exergy, and exergoeconomic analyses along with their equations are also
discussed. Also, the results based on an advanced exergy-based splitting of exergy
destruction, and multi-objective optimization using a Genetic Algorithm (GA) are
presented in this chapter.

Chapter 4: Model Validation

This chapter presents an overview of the significance of model validation in research or
practical applications. The text discusses the need to validate models to ensure their
reliability and effectiveness in addressing real-world issues. The mathematical models
for the combined cycle power plant system and the double-effect VARS intake cooling

system have been validated by experimental data from various investigations.
Chapter 5: Results and Discussion

This chapter provides a comprehensive overview of the results achieved at each stage
of the process. Furthermore, it examines the impact of inlet air cooling on the current
combined cycle power plant system, as well as the various operational parameters on

its performance. The comparisons of the different scenarios are also presented. It also
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discusses the findings of exergoeconomic analysis, advanced exergy analysis, and

multi-objective optimization.
Chapter 6: Conclusions and scope of future research

This chapter concludes the findings derived from the results gained through the various
analyses conducted. Additionally, potential areas for further research have been

suggested.
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CHAPTER 2

LITERATURE REVIEW

2.1 Background

Due to growing environmental concerns and advancements in technology over the past
decade, there has been a significant increase in both the need for and the potential to
provide versatile energy solutions. In order to gain an understanding of the most recent
developments in the optimisation and performance of the CCPP, a succinct literature
review was undertaken. This chapter presents the associated publications and research
work, including their objectives, analytical methods, and concise findings. However,
this chapter focuses on a comprehensive investigation of existing literature on the inlet
air cooling techniques and optimization conducted on different CCPP configurations.
Some researchers/authors concentrate on the operational parameters like ambient air
temperature, compressor inlet temperature (CIT), compressor pressure ratio, and
Turbine inlet temperature (TIT) of the gas turbine (topping cycle), while others optimize
the steam plant (bottoming cycle).

The literature in this chapter is categorized into three primary sections: the impact of
various operational factors on energy and exergy analysis, exergoeconomic analysis, as
well as multi-objective optimization. The main objective of this chapter is to pinpoint

the research deficiency and concentrate on the specific domains of CCPP systems.
2.2 Review based on energy and exergy analysis

2.2.1 Effect of Ambient Air conditions

De Sa and Al Zubaidy [32] revealed a direct relationship between ambient temperature
and the rating of gas turbine power output. It suggests that for every K increase in
ambient temperature above ISO conditions, a gas turbine loses 0.1% in thermal
efficiency and 1.47 MW of its gross power output. This relationship can help assess

local power generation for installation planning and forecasting, particularly in Middle-
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eastern countries that are rapidly developing the application of Gas Turbine Inlet Air
Cooling (GTIAC) technologies. The study was conducted on specific turbines SGT 94.2
and SGT 94.3 installed at the DEWA Power Station in Dubai, UAE. The findings can
help in assessing the potential of gas turbines in these regions.

Egware and Ighodaro [33] investigated the impact of ambient air temperature on the
exergy sustainability and ecological function of a 153 MW gas turbine power plant
using MATLAB software. The results show that the combustor has the least
improvement potential, relative irreversibility, and lack of productivity compared to
other components. For a 1°C increase in ambient air temperature, the fuel depletion
number, waste exergy ratio, exergy destruction factor, environmental effect factor, and
ecological function increased by 1.51%, 0.693%, 1.505%, 1.924%, and 9.102%,
respectively. Thus, the power plant's exergy sustainability performance has a negative

impact at high ambient air temperatures.

The greatest influence on gas turbine performance, as demonstrated by Zhang, et al.
[34] is the ambient temperature, which results in increased output power, efficiency,
and load control capacity at both base load and part load. The efficiency and the power
rise by 2.1% and 13.9%, respectively, at base-load when the ambient temperature

decreases from 15°C to -15°C, while the efficiency increases from 46.4% to 51.4%.

Hosseini, et al. [35] showed that the gas turbine compressor which is designed for
constant volume flow rate of air, making its electric power output dependent on ambient
temperature. An increase in ambient temperature decreases the compressor's output
pressure, reducing cycle efficiency. Conversely, an increase in air density reduces the
heat rate and increases specific fuel consumption. For each 1°C increase in ambient air
temperature, the gas turbine's electric power output decreases by 0.5% to 0.9%, and by

0.27% for a combined cycle.

This study by Sen, et al. [36] investigated the impact of ambient temperature change on
electric production in a natural gas CCPP plant in Izmir, Turkey. The plant, which had
been producing electricity for 14 years, has 240 MW of capacity. Data from gas
turbines, steam turbines, and combined cycle blocks were collected during the 8-23°C
ambient temperature range. The study found that temperature increases led to a decrease

in the efficiency of GTs and indirectly affected STs. The study recommends additional
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precautions to ensure optimal air conditions in the combustion chamber and the

installation of air cooling systems.

Gonzalez-Diaz, et al. [37] examined the impact of environmental situations on a CCPP
with CO; capture in Mexico. It made recommendations for off-design operation and
efficient integration. The investigation reveals that the effectiveness of the NGCC
decreases from 50.95% to 48.01% as the temperature increases from 15°C to 45°C, and
from 50.95% to 50.78% as the temperature decreases. The power output drops from
676.3 MW at a temperature of 15°C to 530 MW at a temperature of 45°C. In order to
offset this, the heat recovery steam generator can employ supplementary firing to
provide extra power, thereby restoring the power output to 640 MW at a temperature of

45°C. However, this resulted in increased fuel costs and a drop in efficiency.

Barigozzi, et al. [38] analysed the techno-economical parametric analysis of an inlet air
cooling system for an aero-derivative Gas Turbine in a CCPP. The system used chilled
water thermal storage charged by mechanical chillers to cool inlet air during the hottest
day hours. The study considered three cases operating in Phoenix, New Orleans, and
Abu Dhabi, each with different climatic conditions. The study found that operational
hours and power output augmentation were higher in hotter climates, and wet climates
required large thermal storages, increasing investment costs. The best techno-economic
performance was achieved in sites with high temperatures and low relative humidity.

Mohapatra and Sanjay [39] analysed a 3-pressure level HRSG integrated CCPP power
plant equipped with an Aqua Ammonia VARS. Also, the ambient temperature and
relative humidity were considered operational parameters for analysing the performance
of CCPP. The effect of ambient relative humidity was reported to be negligible on the
performance of several components of the CCPP.

Mishra, et al. [40] examined the impact of inlet air cooling on the exergetic performance
of CCPP. The use of an inlet air cooler mitigates high ambient temperature effects. The
analysis shows a maximum increase in net specific work, efficiency, and exergetic
efficiency of 14.16%, 3.93%, and 5.65% under specific input parameters.

Elberry, et al. [41] examined how to include a cooled gas turbine-based combined cycle
with a single-stage Lithium Bromide-Water absorption inlet air cooling method. The

waste heat energy from the exhaust gas from the waste heat recovery system was
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employed in the investigation. The Nubaria Power Station, located 120km south of
Alexandria, was used as a reference plant. A thermodynamic model was introduced,
and a parametric study of operational conditions was conducted. The model indicated
an 11% growth in electricity generated when inlet air is cooled from 30°C to 10°C.

2.2.2 Inlet Air Cooling Techniques

Dabwan, et al. [42] proposed a new inlet air cooling (IAC) technique to improve CCPP
in hot locations. This system used absorption chillers to cool compressor incoming air
with intercooler waste heat. This system was tested against four prominent IAC
technologies: evaporative cooling, solar-powered absorption cooling, steam-operated
absorption cooling, and vapour compression cooling. Estimates included annual profit
and payback period. This IAC method solved CCPP's problems in hot climates,
improving power output by 19% and efficiency by 2.3%. The suggested inlet air cooling
system might boost plant efficiency by 8-18% and increase annual profits by 66% and
10% over steam and mechanical cooling systems, respectively. It was also cost-effective
because the payback period of 1.74 years was 3%, 67%, and 85% shorter than

mechanical, steam, and solar cooling systems.

Espinosa-Cristia, et al. [43] proposed a new technique to reduce air temperature entering
the gas turbine by recovering waste heat from exhaust gas. The heat content of the
exhaust gas was used as a heat source for an ejector refrigeration cycle (ERC), cooling
the air entering the gas turbine. Exergy and environmental analyses were conducted to
investigate the method's impact on exergy efficiency, environmental factors, and
sustainability index. The proposed method increased the CCPP's power production by
6.26%.

The study by Majdi Yazdi, et al. [44] examined the use of absorption chiller, heat pump,
and inlet fogging systems for cooling gas turbine inlet air in four Iranian cities: Yazd,
Bandar Abbas, Ardabil, and Sari. The study focused on gas turbine functional
parameters, pollutants, electricity prices, and capital cost payback periods. The results
show that the absorption chiller is the best cooling system for hot climates, improving
gas turbine net power by 18% and energy efficiency by 5.8%. In Bandar Abbas and
Yazd, respectively, inlet air cooling reduced power generation costs by 6.5% and 6.0%

and reduced NOy pollution emissions by 60%. In dry areas, the inlet fogging system
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functions well. The best cooling system will rely on certain goals, including increasing
power, reducing fuel use, or decreasing pollutants. The heat pump technology is

appropriate for chilly climates like Ardabil because of its cheap initial investment cost.

Baakeem, et al. [45] compared cooling technologies for a gas turbine under Riyadh
weather conditions, analysing power output, fuel consumption, and thermal efficiency.
It proposed systematic approaches to determine air-cooled temperature and cooling
capacity for TIAC systems. The optimum values were 8°C and 36 kW/m3 s 1. Media
evaporative cooling, mechanical vapour compression, and single-effect Water-
Ammonia absorption cooling systems were not suggested. Moreover, Sub-cooling
based multistage compressor systems and single-effect LiBr-H,O absorption

refrigeration systems show better performance.

Deng, et al. [46] reviewed the performance of combined cycle power plants (CCPP)
using various inlet air cooling systems. The researchers aimed to develop technologies
for cooling inlet air to capture wasted heat from exhaust gases, with the goal of
minimizing environmental impacts. The output power of CCPPs depended on the mass
flow rate of air through the air compressor, a factor that decreased during hot weather.
The fogging cooling system improved the CCPP's performance by up to 17%, while
evaporative cooling only enhanced it by 4%. Mechanical chillers have a higher energy
consumption compared to evaporative cooling due to their effectiveness based on inlet
airflow humidity. Mechanical cooling systems can provide cooling for 7-hour on-peak
periods, increasing performance by 13.6%. The absorption chiller is the best solution,
demonstrating a 23% increase in performance. Overall, the study highlights the need
for improved inlet air cooling systems in CCPPs.

Zare [47] proposed a methodology for a biomass-fuelled CCPP system using exhaust
gas waste heat to run an ammonia-water absorption refrigeration cycle for compressor
inlet cooling. Thermoeconomic analysis was conducted to compare the performance of
the two systems under optimal operating conditions. The study found that compressor
inlet cooling significantly improved system performance in terms of thermodynamics
and economics, despite additional costs imposed by adding the absorption refrigeration
cycle. Under optimal conditions, incorporating compressor inlet cooling improved net

power production by 30.1% while reducing the levelized Cost of Electricity by 22.5%.
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Matjanov [48] analysed a gas turbine cycle of 28.1 MW in Tashkent CHP which is
affected by ambient conditions, experiencing a decrease in power output and electrical
efficiency. To cool the inlet air, an absorption chiller is proposed using gas turbine waste
gases, HRSG waste gases, and solar energy. However, using gas turbine waste gases in
the chiller is not economically profitable due to reduced CHP efficiency. The technical-
economical attractiveness of using HRSG waste gases in the single-stage absorption
chiller is found to be more economical when the temperature of HRSG waste gases is
below 120°C.

A study by Singh [49] on Brayton-Rankine combined cycle power plants showed that
reducing compressor inlet air temperature can improve gas turbine performance. A
simulation model of an Indian power plant with a NHs-H>O absorption refrigeration
system was established because absorption refrigeration systems may make use of low-
grade waste energy. According to the model, this configuration boosted power
production by 400 kW in the winter and enhanced thermal and exergy efficiency by
1.193% and 1.133% in the summer. The research also looked at how changes in
ammonia condenser temperature in North Indian meteorological conditions affected
plant performance.

Sahu, et al. [50] conducted an energy based analysis of the gas turbine-based triple-
pressure reheat cycle, which incorporates vapour compression inlet air cooling and air-
film turbine blade cooling. The study found that integrating these cooling methods
significantly reduces CO. emissions per unit of plant output. The study also found that
plant efficiency increases with increased TIT, and the cost of environmental impact due
to CO, emissions decreases with increased TIT and decreased CIT.

An article by Pourhedayat, et al. [51] reviewed various pre-cooling strategies for gas
turbine power plants, including absorption refrigeration, direct evaporative cooling,
fogging systems, indirect evaporative cooling, vapor compression refrigeration, air-
earth heat exchanger, iced thermal energy storage, turbo-expander system, liquefied
natural gas system, and hybrid systems. It discussed the potential strengths and
weaknesses of each strategy, highlighting its potential applications and providing
propositions, current research gaps, and future research directions. The absorption
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refrigeration pre-cooler was found to be one of the promising pre-cooling technologies,
as it uses waste heat at the gas turbine’s outlet.

2.2.3 Effect of other operational parameters

Ibrahim and Rahman [52] reported that the performance of gas turbines is heavily
influenced by climate conditions. To reduce this, increasing the inlet turbine
temperature and reducing the inlet air temperature of the gas turbine compressor can be
beneficial. CCPPs are often used for high-efficiency power plants. A performance
model developed using MATLAB software shows that overall efficiency increases with
the peak compression ratio, with higher efficiency occurring at lower ambient

temperatures and higher turbine inlet temperatures.

Almajali and Quran [53] scrutinized the efficiency of CCPP, which consists of steam
and gas turbines. The study found that CCPP plants with open-cycle gas turbines and
bottoming cycle steam turbines achieve the highest thermal efficiency. The study also
found that the overall plant thermal efficiency is significantly greater than either of the
two turbines, reducing the greenhouse effect. The regenerative steam cycle reduces the
overall efficiency of the combined cycle while using the reheat steam cycle increases

both the plant's thermal efficiency and the dryness factor of steam at the turbine exit.

Shireef and Ibrahim [54] analyzed energy and exergy efficiency in a triple-pressure
CCPP and its components. It was found that the combustion chamber was the primary
source of exergy destruction, accounting for 58% of total exergy destruction. The study
also revealed that reducing the heat transfer rate in the gas turbine and increasing the
turbine inlet temperature can improve overall efficiency. The study suggested that
achieving maximum efficiency can be accomplished by diminishing ambient

temperature and rising turbine inlet temperature.

Dev and Attri [55] examined seven commonly used CCPP configurations using an
engineering equation solver (EES) software. The study examines influence of pressure
ratio, turbine inlet temperature, and relative humidity on the first and second laws. The
thermodynamic analysis revealed that overall pressure ratio, turbine inlet temperature,
and air filter pressure loss significantly affect exergy destruction in CCPP components.

Also, the effect of ambient air humidity is insignificant.
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Ahmed, et al. [56] focused on the design of a dual-pressure steam generator cycle for a
60 MW gas turbine unit. The study found that maximum heat transfer occurs in the
evaporator section for high-pressure levels and in the economizer section for low-
pressure levels. The optimal design pressure for high-pressure was 100 bar, while for
low-pressure it was 10 bar. Exergy analysis showed a 35% overall exergy loss, with
16% in flue gasses and 10% in the heat exchanger. The remainder was converted into
35 MW of useful work.

Hoang and Pawluskiewicz [57] analysed three CCPP configurations based on several
operational parameters: single-pressure with supplementary firing, dual-pressure, and
triple-pressure reheat cycle. It identified ambient temperature, gas part pressure ratio,
and inlet gas turbine temperature as key factors affecting system efficiency and power
production.

Mahian, et al. [58] reviewed exergy analyses for various combined Heating Power
(CHP) systems, including gas turbines, Organic Rankine cycles, fuel cells, and hybrid
energy systems. It suggested that high-performance small-scale CHPs for residential
areas were insufficient, and more research is needed on hybrid CHPs with renewable
sources. Economic studies in association of exergy analyses were also recommended.
Future developments should focus on incorporating renewable sources and improving

exergy efficiency.

Ali, et al. [59] analysed the energy and exergy of a Guddu combined cycle power plant
with a triple pressure heat recovery steam generator (HRSG). It calculated the energy
loss and efficiency of each plant component and the exergy destruction of the HRSG.
The combustion chamber and condenser had the highest exergy destruction and energy
loss, respectively. The total net power output, energy, and exergy efficiency were
calculated as 737.8 MW, 59.12%, and 58.24%, respectively.

Babaei Jamnani and Kardgar [60] examined the energy-exergy analysis of a gas-fired
combined-cycle power plant in Kuantan and Kapar, Malaysia, to evaluate its
components. The analysis focused on the gas turbine unit, condenser, HRSG, and
multiple pressure steam turbines. The study also examined the effects of environmental
conditions on the plant components, such as compressor pressure ratio, environmental

temperature, HPT, condenser pressure, and reheating. The study revealed that the gas
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turbine cycle is the main source of exergy destruction, accounting for 83.79% of total
exergy destruction. The study also determined exhaust gas fractions from the gas turbine
across the combustor, revealing an average molar fraction of nitrogen, oxygen, carbon
dioxide, and water vapour. The findings suggest several potential areas for CCPP's
performance development, and the study suggests that energy-exergy assessment and
optimization guidance could help modify operating conditions and capitalize on the

trivial destruction rate.
2.3 Review based on Exergoeconomic Analysis and Optimization

The study of exergoeconomics by Rosen and Dincer [31] examined the relationship
between capital costs and thermodynamic losses in modern electrical generating
stations. A correlation was identified between capital costs and exergy loss, but no such
correlation was found between capital costs and energy loss. This correlation implies
that devices in operational stations were arranged in a manner that attained an optimal
design by striking a balance between thermodynamic and economic features. The
findings provided valuable insights into the interaction of thermodynamics and
economics, showcased the advantages of second-law analysis, and had broader

implications for the entire electrical utility sector.

The study by Sahin, et al. [61] analysed the exergoeconomic aspects of a combined
cycle power plant using thermodynamics, and economic principles. It defined an overall
performance index (OPI) to evaluate the optimal operational and design configurations.
Four performance indicators were considered: energy efficiency, exergy efficiency,
levelized cost of electricity, and total investment cost. Three scenarios were considered:
conventional, environmentally conscious, and economical. The optimum size and
configuration of the power plant were determined by user priorities and weight factors
assigned to the performance indicators. The gas turbine's optimal size, determined by
the pressure ratio, is 18 for the conventional scenario, 16 for the environmentally
concerned scenario, and 12 for the economical case.

Gu, et al. [62] considered the exergy efficiency of a 200 MW gas-steam combined cycle
system, focusing on energy quality. The total cost model was established using exergy
economics theory, and three associated models were recognised as objective functions.

The NSGA 11 genetic algorithm was used to attain Pareto frontier results, resulting in
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optimized parameters for high efficiency, low cost, and low emissions. Sensitivity
analysis was also conducted under different operating conditions to understand the

optimal parameters.

Memon, et al. [63] analysed a CCPP using thermo-environmental, exergoeconomic, and
statistical methods. Therefore, exergoeconomic analysis examined the impact of
operating parameters on fuel, capital, and exergy destruction costs. The optimal
operating parameters were determined using the Nelder-Mead simplex method.
Parametric analysis showed that operating parameters significantly affect performance
and cost rates. Optimization results showed a correlation between increased exergy

efficiency and decreased cost rates.

Ganjehkaviri, et al. [64] conducted the thermodynamic modelling of a CCPP to observe
the impact of economic strategies and design parameters on plant optimization.
Exergoeconomic analysis is used to determine electricity and exergy destruction costs.
The study also investigates the effects of economic parameters on sustainability, carbon
dioxide emission, and fuel consumption. The results show that changes in economic
parameters can alter the balance between cash flows and fixed costs, and limit the
reduction of carbon emissions and fuel consumption. The study concludes that optimum

values increase exergy efficiency by about 6% and decrease CO emissions by 5.63%.

Bolatturk, et al. [65] studied the exergy and thermoeconomic aspects of Turkey's
Cayirhan thermal power plant, focusing on the thermodynamic properties of the inlet
and outlet points of each component. The results showed the energy and second law
efficiencies of 38% and 53%, respectively. The highest exergy losses were found in the
boiler, turbine, condenser, heater, and pump groups. The turbine group had the highest

exergoeconomic factor.

Awaludin, et al. [66] conducted an exergoeconomic analysis on a 21.6 MW gas turbine
power plant using logbooks from the Pekanbaru Unit, Indonesia. The analysis
determined the exergy destruction of each component using the 1% and 2" laws of
thermodynamics. The study combined exergy and economic analysis to evaluate the
accrued cost caused by irreversibility, including investment costs. The combustion
chamber was the largest destruction site, followed by the compressor and gas turbine.

The economic analysis revealed a total cost loss of 2,793.14%/hour due to exergy
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destruction. The thermal and exergetic efficiencies of the gas turbine power plant were
24.51% and 22.73%, respectively.

Unal and Ozkan [67] conducted a thermodynamic and exergoeconomic analysis of a
thermal power plant in Turkey. It determined the thermodynamic properties of 27 node
points, calculated energy, and exergy values, and calculated mean exergy costs. The
results showed that the boiler had the highest loss of exergy, followed by the turbine
group and the condenser. The exergoeconomic factor values were 33.58% for the boiler,
38.02% for the turbine group, and 8.70% for the condenser.

Kaviri, et al. [68] performed comprehensive thermodynamic modelling of a dual-
pressure combined cycle power plant, comparing results with actual data from an
Iranian power plant. The model included a duct burner and optimized objective
functions were component costs, fuel cost, duct burner cost, and cycle exergy efficiency.
The optimization was performed using a computer simulation code using a genetic
algorithm approach. The study also investigates the effect of cycle key parameters on
these objectives. Results show that gas turbine temperature, compressor pressure ratio,
and pinch point temperatures are significant design parameters, indicating that changes

in these parameters can significantly alter the objective functions.

Bakhshmand, et al. [69] performed the exergoeconomic analysis and optimization of a
triple-pressure combined cycle plant with one reheat stage. The study found that the
optimization process increased energetic and exergetic efficiencies by 3% and reduced
cost criteria by 9%. The specific cost of the plant was reduced from 21.48 (€/h) to 20.90

(€/h), resulting in a 3% decrease in the product and electricity cost.

Javadi, et al. [70] utilized a mathematical model to optimize a 500 MW combined cycle
power plant, considering gas and steam turbine units. The optimization used the Non-
Dominated Sorting Genetic Algorithm (NSGA-II). The results showed that the
efficiency of the plant was influenced by design parameters like gas turbine input
temperature, compressor pressure ratio, and pinch point temperature. Changes in these
parameters can increase efficiency by up to 8.12%, reduce heat rate by 7.23%, and
decrease exergy destruction by 7.23%.

25



2.4 Review of Advanced Exergy Analysis

Morosuk and Tsatsaronis [71] explored an advanced exergy-based assessment for
energy conversion systems. These assessments considered the interactions between
different components and the potential for improvement in each significant component.
This provided valuable information for developers and operators to improve system
design and functionality. By categorizing exergy destruction, capital investment cost,
and environmental impact into endogenous/exogenous and avoidable/unavoidable
parts, a better understanding of several thermal processes was developed in order to
apply potential improvements. The study examined the characteristics and
advancements in advanced exergy-based methodologies and applied the method to

basic air refrigeration equipment to validate its accuracy.

Mossi Idrissa and Goni Boulama [72] investigated a combination of 2 Brayton cycles
(as both topping and bottoming cycle) using advanced exergy methodology. The
combustor was found to be the component with the major exergy destroyer, but most
irreversibility generation was endogenous and unavoidable. The turbines and
compressors were largely endogenous and avoidable. The total exergy destruction
decreased with the topping cycle pressure ratio, while the endogenous avoidable and
exogenous unavoidable exergy destruction increased with the bottoming cycle pressure

ratio.

Koroglu and Sogut [73] employed both conventional and advanced exergy studies to
evaluate a marine steam power plant. The objective was to provide designers with
valuable insights that might assist in making informed decisions regarding component
renewal matters. The study findings indicated that the boiler experiences the most
significant exergy degradation mostly as a result of chemical processes. Furthermore, it
exhibited the largest amount of preventable exergy degradation. The pumps in the
system contributed to the degradation, albeit to a slight extent. Turbines hold more
significance in comparison to heat exchangers. The results on avoidable exergy losses
suggested that attempts to enhance performance should primarily target the boiler,
turbines, condenser, and pump equipment. Additionally, the efficiency of feed water
heaters could be enhanced indirectly by upgrading other components. Furthermore, it

was determined that the entire system has a potential for a 10% enhancement in exergy
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efficiency. The majority of this increase, almost 75%, can be attributed to two specific
components: the boiler with a potential improvement of 6%, and the low-pressure
turbine with a possible improvement of 1.3%. The remaining components have limited

potential for development.

Barreto, et al. [74] applied advanced exergetic and exergoeconomic analyses to improve
energy and economic performance in steam injection gas turbine (STIG) cycle power
plants with inlet air cooling through a compression refrigeration machine. Results
showed that the Combustion Chamber, Heat Recovery Steam Generator, and Gas
Turbine had the greatest potential for improvement, which could be achieved by

improving the overall system configuration.

Acikkalp, et al. [75] presented a novel combined extended-advanced exergy analysis
method for assessing thermodynamic systems. The method combined an extended
exergy analysis with advanced exergy analysis, aiming to achieve the same criteria as
the traditional methods. The method was applied to a gas turbine system, which
included a combustion chamber, compressor, and turbine units. The conventional,
advanced, and extended exergy analyses were applied separately, but the combined
extended-advanced exergy analysis results differed from the advanced and extended
exergy analyses. However, the novel analysis tool can apply all these analyses into one
simple methodology. The exergy efficiencies of the case study were 28% and 31%,
indicating better efficiency in all input parameters. The combined extended-advanced
exergy analysis showed a higher exogenous exergy destruction rate, indicating

increased relationships between other components.

Uysal and Kegebas [76] conducted an advanced exergoeconomic analysis of a gas
turbine cycle in Inchon, South Korea. It revealed that the endogenous avoidable cost of
destruction of a gas turbine was determined to be 584.30 $/h with advanced
exergoeconomic analysis. The highest endogenous avoidable cost of destruction was
observed for the combustion chamber. The combustion chamber had the endogenous
avoidable cost of destruction value of 2831.73 $/h in advanced exergoeconomic

analysis.

Caglayan and Caliskan [77] analyzed the exergy of a cogeneration system in a ceramic

factory, including a gas turbine unit and spray dryers, under five different environment
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conditions. The maximum exergy efficiency was found to be 29.850% at 30°C, while
the maximum exergy destruction rate was calculated to be 17810.61 kW. Advanced
exergy analysis revealed that the combustor may not be the only component to be
intensive for exergy destruction. The overall exergy efficacy of the system exhibited a
range of 45% to 47%, with five distinct inactive temperatures contributing to an
approximate 15% to 17% increase. The CC and air compressor exhibited increased rates
of unavoidable exergy destruction compared to avoidable exergy destruction. Notably,
avoidable exergy destruction had a substantial impact on the remaining components.
2.5 Research gaps

In consideration of the literature reviewed formerly, discernible research gaps persist,
necessitating diligent analysis and essential modification to augment the efficiency and
operational functionality of the CCPP system. These gaps are elaborated below:

1. The utilization of Water-LiBr based VARS for inlet air cooling in previous
studies is scant.

2. Most researchers have utilized the single-effect VARS for inlet air cooling,
despite the fact that it has a lower COP than a double-effect VARS.

3. The exergy-based sustainability analysis of an inlet air cooler integrated CCPP
has not been performed in previous literature.

4. Component-wise exergy analysis of the CCPP is scant in existing literature.

5. Literature on advanced exergy analysis (considering the splitting of exergy
destruction) of CCPP is inadequate.

6. The work done on economic analysis based on advanced exergy analysis of
CCPP is scant.

7. The optimized combination of design variables has not been acknowledged

considering the thermodynamic performance and set-up & operational costs.
2.5 Research Objectives

In light of the identified gaps and insights gleaned from the literature review, the

following research objectives are outlined as follows:

1. To decrease the inlet air temperature to the compressor
2. To determine the optimized gas turbine inlet temperature
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3. To analyse the combined cycle gas turbine power plant on the basis of various
parameters

4. To evaluate the performance of the combined cycle power plant.

Along with the utilisation of the energy, exergy, and optimisation methodologies
described in the following chapters, an inlet air cooler has been implemented to achieve

these objectives.
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CHAPTER 3

SYSTEM DESCRIPTION AND METHODOLOGY

3.1 Introduction

This chapter focuses on the description of CCPP configurations that have undergone
multiple analyses, followed by the mathematical modelling of each analysis. This
chapter also explores the context of multi-objective optimization, which is effective for
identifying an optimal set of solutions (design variables) in order to obtain optimal

design and conditions.

3.2 System Description
3.2.1 Combined Cycle power Plant

The CCPP system, equipped with a dual-pressure Heat Recovery Steam Generator
(HRSG), is an innovative and efficient power generation arrangement. This integrated
system utilizes energy from both the gas and steam cycles, optimizing the total thermal

efficiency and power generation. Fig. 3. 1 represents the schematic diagram of CCPP.

3.2.1.1 Gas Turbine Cycle
The basic component of the CCPP system is a highly efficient gas turbine cycle that

burns natural gas or other appropriate fuels to generate gases with high pressure and
temperature. The gas turbine cycle involves an air compressor that compresses the
ambient air based on the designed pressure ratio. Subsequently, the compressed air is
directed into the combustion chamber, where fuel is introduced to initiate combustion
and generate the high-temperature gas. The gas is subsequently expanded within a gas
turbine, generating power that is predominantly utilized by the compressor. The
remaining power supplies are used by the generator to create electricity. The actual set
up places all three components in a sequence, with the axial type of compressor and

turbine being utilized in the assembly.
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Fig. 3. 1 Schematic diagram of dual pressure HRSG-based CCPP

3.2.1.2 Heat Recovery Steam Generator

The system utilizes a dual-pressure Heat Recovery Steam Generator (HRSG) to
effectively absorb waste energy from the exhaust of the gas turbine. The HRSG is
engineered with dual pressure levels to maximize steam production and enhance the
overall efficiency of the system. The high-pressure part generates steam at elevated
temperatures and pressures, while the low-pressure section harnesses extra energy from

exhaust gases at lower temperatures.
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3.2.1.3 Steam Turbine Cycle

The steam turbine cycle starts with the HRSG, which efficiently recovers and utilizes
the heat from the exhaust gases emitted by the gas turbine. The heat that has been
regained is utilized to transform water into steam inside the HRSG. The steam turbine
receives the high-pressure steam produced in the HRSG. The steam turbine receives the
high-pressure steam in its high-pressure section. Moreover, the low-pressure steam is
directed to the low-pressure steam turbine, where additional energy is extracted before
being condensed. After passing through the LP turbine, the steam is condensed back
into water in a condenser. The condensation process releases additional heat, which can
be used for district heating or rejected into the environment. The condensate is then fed
to a deaerator with the help of a condensate extraction pump (CEP). The water that
comes out of the deaerator is pushed back into the HSRG at different pressure levels

using a set of Feed water pumps (FWPs).
3.2.2 Inlet air cooling integrated CCPP system

The intake air of the compressor is cooled by the incorporation of an inlet air cooler. A
double-effect water-LiBr VARS is used alongside CCPP to cool the air entering the
compressor. The double effect Water-LiBr vapour absorption refrigeration system
(VARYS) is an advanced and highly efficient cooling system specifically engineered for
a wide range of uses, such as air conditioning, industrial operations, and refrigeration.
This system employs the absorption refrigeration cycle, with water as the refrigerant
and lithium bromide (LiBr) as the absorbent.

3.2.3 Double Effect Water-LiBr VARS

Fig. 3. 2 shows the schematic of the Double Effect Water-LiBr VARS. This system
comprises an evaporator, absorber, condenser, high-pressure generator (HPG), and low-
pressure generator (LPG). Two solution heat exchangers facilitate the transfer of heat
from a solution at a higher temperature to a solution at a lower temperature.

The concentrated LiBr solution in the HPG liberates water vapour by the application of
heat. This procedure is commonly accomplished by using waste heat sources, such as
the exhaust from a gas turbine. The LPG system produces an additional water vapour
by using the high temperature of the vapour formed in the HPG system, which is derived
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from the leftover solution obtained from the solution heat exchanger (HE 2).

Consequently, the process of vapour formation occurs twice in the double effect VARS.

The water vapour from both high-pressure gas (HPG) and low-pressure gas (LPG) fed
to the condenser is condensed, returning to a liquid state. This process releases the heat
that was absorbed by the water vapour to either the surrounding environment or a
designated heat sink. Water evaporates in the evaporator, absorbing heat from the
surrounding air or the process that has to be cooled. The absorber collects the vapour
emitted by the evaporator and facilitates its absorption into the LiBr solution. The
outcome is a highly concentrated solution of LiBr together with water vapour. This
solution is again pumped to the HPG pressure level which also gains heat first at another
solution heat exchanger (HE 1) with the weak solution (weak in refrigerant) returning
from the LPG.
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Fig. 3. 2 Schematic diagram of Double-effect Vapour absorption refrigeration system

This double-effect VARS is utilized as an inlet air cooler to cool the ambient air at the
inlet of the compressor of the CCPP system.
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3.3 Mathematical Modelling
This chapter also focuses on the mathematical model development of energy systems

utilizing thermodynamic principles including the concept of exergy and economic
analysis.
The thermodynamic assessment of an energy system consists of mass balance, energy

balance, entropy balance, and exergy balance as detailed below.
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3.3.1 Mass balance

The principle of mass conservation is a vital concept in the analysis of all
thermodynamic systems. The principle is termed for a control volume, as illustrated in
Fig. 3. 4, in the following manner [78]:

dmCV

Yy — XM, = ot (3.1)

In equation 3.1, m and m represent the mass and mass flow rate, correspondingly. The
subscripts e and i indicate the exit and inlet of the control volume, respectively. The

term "subscript cv" denotes the control volume.
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Fig. 3. 4: A control volume for mass and energy balance

3.3.2 Energy Balance

The energy balance of a control volume (as shown in Fig. 3. 4) pertains to the total
energy inputs and outputs of a specified control volume. The 1 law of thermodynamics,
also referred to as the concept of energy conservation, is described as [79]:

. . . Vi2 . V2 dE
Q_W‘l'Zimi (hi+7+gzi)_26me (he+7+gze): d:V (3-2)

where E, represents the energy of the control volume. Q and W represent the rates at
which heat and work are transferred, respectively, and t represents the time. The
symbols V, g, Z, and h represent the velocity, gravitational acceleration, elevation, and

specific enthalpy, respectively.
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3.3.3 Entropy Balance

Entropy in a physical system is linked to the quantification of energy that cannot be
utilized (i.e., losses). These losses are referred to as entropy generation from a
thermodynamic standpoint. The entropy generation rate (S'gen) for a control volume can

be expressed as [9]:

: . . Q . ds
Sgen = XeMeS; — Xi1M; S; — ZkT_k + div (3.3)

where s is the specific entropy and T is the temperature in Kelvin.

3.3.4 Exergy Analysis

Exergy analysis is a method of evaluating a system in a rational manner by applying the
principles of the 1% and 2" laws of thermodynamics [80]. It allows for the assessment
and comparison of processes and identifies areas for improvement by reducing
irreversibility on a component level [81]. The exergy of a substance is frequently
classified into four discrete elements. The two most prevalent forms of exergy are
chemical and physical. The two additional forms of exergy, kinetic and potential exergy,
are considered insignificant in this context due to the minor changes in elevation and
comparatively low speeds [82]. The physical exergy is the highest amount of useful
work that can be obtained when a system interacts with an equilibrium state. Moreover,
the chemical exergy is linked to the deviation of a system's chemical composition from
its chemical equilibrium. It is particularly relevant in processes that include burning and
other chemical transformations. Comprehensively, the exergy balance equation in
control volume is written as:

aVey

Z( - ;—(Z) Qi — (W —Po—; ) +Yime; — Yemee, — Exp (3.4)

dECV _
dt]’

If there is no energy exchange across the control volume, the above equation can be
derived as follows [79]:

Exg + Yimie; = Yo mee, + Exy + Exp (3.5)

where e is the exergy and Exj, is the rate of exergy destruction in kW.

EXD = Tos‘gen (36)

ExQ = (1 - ?) Qi (3.7)

L
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aVey

Esz W_PO dt

(3.8)

€ph = (h—ho) — To(s — s0) (3.9)
where, ey, is the physical exergy function to determine the exergy of any inlet or outlet
stream of any component of the CCPP.

3.3.4.1 Plant fuel exergy
The exergy assessment of combustion is determined by taking into account the physical

exergies of flowing streams and the chemical exergy of the fuel [81]. The expression

for the total exergy of a fluid is given as:
Extotal = Exph + Efxch (310)
The physical component of exergy is calculated using the ideal gas model [83].
: s h _ ) s 1 _ i
Expn = 1itg CJH(T = To) — 1t Ty [ G5 In = —RlIn PO] (3.11)

The mean specific heat for enthalpy and entropy can be further calculated by:

1 T
C{,l = T—_TofTo deT (312)
Cs= == C,dT (3.13)
p lnTL0 To P '

The chemical exergy fuel (exf") is calculated using the following relation [84]:

h
£ = exy
LHV

(3.14)

the value of & is close to unity for common gaseous fuels [85]. The value & is taken as
1.06 for methane. An experimental correlation is useful to calculate the value of & for
any gaseous fuel with a composition C, H,, [86]:

0.0698

£=1.033 + 0.0169%— (3.15)

3.3.5 Sustainability Assessment

Exergy analysis is an attractive method to assess the sustainability level of several
energy systems. Sustainability is described as a policy of supplying energy resources at
a reasonable cost and with little or no environmental impact [87]. Several sustainability
indicators have been examined for the CCPP system based on the theoretical foundation
for exergy analysis. Moreover, the effect of inlet air cooling on these parameters has

been discussed.
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The following exergy-based sustainability indicators [88] considered for this study are:
i.  Fuel depletion ratio
ii.  Environmental effect factor
iii.  Environmental sustainability index

iv.  Exergetic improvement potential
3.3.5.1 Fuel depletion ratio
The fuel depletion ratio is the ratio of the exergy destruction rate in a component to the

fuel exergy. A lower fuel depletion ratio is preferred because it indicates that the system
has destroyed less exergy corresponding to fuel exergy. Consequently, more exergy is

available at the output [88].

E
Fuel depletion ratio = —2componet (3.16)
EXfuel

3.3.5.2 Environmental effect factor
Environmental effect factor (.. ) is a crucial sustainability factor that is defined as the
ratio between waste exergy ratio (WER) and exergetic efficiency. It specifies the

severity of environmental damage because of exergy destruction. As a result, 7. is

preferred to have low value.

Total exergy waste

WER = : (3.17)
Total exergy input
WER
Teef = Tlax (318)

3.3.5.3 Environmental sustainability index
It is another vital parameter to assess the sustainability level of the system. As a

definition, it is represented by the reciprocal of 7. This index has a value between 0
and 1. A higher exergetic efficiency indicates less waste exergy and a lesser
environmental impact, resulting in an increased environmental sustainability index
(ESI) of the system. Therefore, an ESI close to 1 indicates a more environmentally

sustainable system [89].

ES] = —

(3.19)

Teef

3.3.5.4 Exergetic improvement potential rate
The exergetic improvement potential is associated with the combined effect of exergetic

efficiency and the exergy destruction rate. A higher improvement potential advocates
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that the system requires improvement over time [88]. Hence, a low exergetic

improvement potential is preferred.

Exergetic improvement potenial rate = (1 —1,,) X Exp (3.20)

3.3.6 Exergoeconomic Analysis

Exergoeconomic analysis is an approach that effectively integrates economic principles
and thermodynamic evaluations of system components, utilizing exergy analysis as a
foundation, to offer insights that are valuable for the design and operation of cost-
effective systems. These insights are beyond the scope of traditional energy, exergy,
and economic analyses [31]. At the component level of a system, an exergoeconomic
analysis reveals (a) the relative cost significant to each component and (b) potential
enhancements to the overall cost effectiveness [90]. The cost balance equation for a

component ‘k’ of an energy system can be written as:

Cok +2iCix +Z =XeCop + Cue (3.21)
The above equation can be rearranged in a more elaborated way.

Z(ceExe)k + ¢ Wy = cq'kE'xq,k + Z(ciExi)k + 7y (3.22)
Co = CExp, (3.23)

In the cost balance expression (Equation 3.22), there is no term associated with the cost
of the exergy destruction rate of the component. Hence, it may be considered as a hidden
cost. The same can be evaluated as follows [28]:

C'D,k = cF,kE'xD_k (3.24)
where cr ;, is the cost rate associated with fuel for the component ‘k’. The cost factors
can be computed by applying the cost balance equations to the several components of
the CCPP system.

In Equation 3.22, Z, is the investment cost per unit time of the component ‘k’. It can

be written as [81]:

_ ZgXCRFXa

k= Nx 3600 (3.25)
_ix@+D"
CRF = D1 (3.26)

where N is the number of operating hours in a year, Z,, is the purchase equipment cost

(PEC) of'a component ‘k’, a is the maintenance factor, which is commonly taken to be
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1.06, and CRF is the capital recovery factor, which is again a function of the interest
rate (i) and the span of the plant's operating period (n) in years.

3.3.6 Advanced Exergy Analysis

Thermodynamically, comprehensive exergy analysis is the method that reveals the total
irreversibilities produced within a single component or the entire energy system.
However, an elementary exergy analysis doesn’t reveal what part of exergy destruction
is avoidable and what is not. Ultimately the avoidable part of exergy destruction also
correlates with the avoidable cost. Tsatsaronis et al. [91] were the first researchers to
split the exergy destruction of a system or component into avoidable and unavoidable
parts. After the addition of one more splitting (i.e., endogenous and exogenous part of
exergy destruction), this method was resurrected as advanced exergy analysis. The
avoidable portion of exergy destruction refers to the amount that can be prevented
through the enhancement of component design. The rest is an unavoidable component.
The total exergy destruction of a component based on this splitting is written as follows:

Expy = Expl + Exp} (3.27)
In Equation 3.27, the superscripts AV and UN represent the avoidable and unavoidable
portions of the exergy degradation of component 'k’, respectively.

Based on another splitting associated with endogenous and exogenous parts of exergy
destruction, the total exergy destruction of a component is written as follows:

Expr = ExEX + Exf') (3.28)

This second decomposition makes it pertinent to consider that the total exergy
destruction in a component is caused not only by the irreversibilities within that
component but also by the irreversibilities in the remaining system components
resulting from the interaction among them.

3.3.7 Advanced Exergoeconomics

It is prudent to determine the avoidable and unavoidable factors of cost when the same
components of exergy destruction and investment cost are known. When combined with
advanced exergy analysis (taking into account the avoidable and unavoidable
components of exergy degradation), the exergy costing method is referred to as an
approach of advanced exergoeconomics. The various combinations of cost of exergy

destruction can also be classified as avoidable-endogenous, avoidable-exogenous,
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unavoidable-endogenous, and unavoidable-exogenous [76]. However, this study delves
deeper into the cost analysis and it is important to determine whether the cost factor
associated with exergy destruction is avoidable or unavoidable as well as to examine
the impact of various operational parameters on these cost factors.

3.3.8 Optimization

Optimization aims to identify the optimal values for variables that maximize or
minimize a multivariate objective function while adhering to a certain set of constraints.
Constraints provide the boundaries of a search space, sometimes referred to as the
feasible region, in which the solution must be contained [92]. Defining the system
boundaries is the initial step in every optimization problem. It is necessary to
incorporate all subsystems that have an impact on the performance of the system. When
the system becomes excessively intricate, it is frequently preferable to breakdown it into
smaller subsystems. The objective function, constraints, and decision variables are all

vital components of an optimization problem [93].

3.3.8.1 Objective Function
In mathematical optimization problems, the objective function is a real-valued function

that must be maximized or minimized with respect to the set of feasible alternatives.
The objective function is determined by the decision maker's desire or goal. Considering
the energy systems, the objective function can be based on the performance (energy or
exergy efficiency, power generation rate, and COP), cost (cost of exergy destruction,
investment cost, and total cost), and environmental standpoint (emissions, fuel
utilization), etc. [94].

When there are more than objective functions that are to be maximized or minimized
utilizing the same constraints, this type of problem is known as multi-objective
optimization [95].

3.3.8.2 Decision variables and constraints

Another crucial aspect in defining an optimization problem is the choice of independent
decision variables that accurately represent the potential design possibilities. In order to
choose these decision variables, it is crucial to incorporate all significant parameters
that might impact the system's performance and cost factor, and exclude variables that

have less relevance.
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The constraints in a specific design challenge are imposed by limitations on the ranges
of the operating parameters, the need to satisfy basic conservation principles, and other
limitations. The optimization problems are also addressed by utilizing the restrictions

in the form of the search space of operational parameters [96].

3.3.8.3 Optimization Techniques
There are several techniques to solve the optimization problems as described below:

Classical Techniques

The classical optimization method is a basic problem-solving technique for continuous
and differentiable functions. It is convenient in the determination of the maximum and
minimum of unconstrained differentiable functions. However, these methods have
limited use in practical applications as in real life the continuous functions are not so
frequent [97].

Numerical Methods

There are several numerical methods based on optimization techniques described
below:

Linear programming: Optimization problems where the objective function is linear

and the solution space is defined by linear equalities and inequalities.

Integer programming: Optimization problems where the solution set has at least one
integer in it.

Nonlinear programming: Optimization problems in which the objective function or

constraints or both encompass nonlinear terms of decision variables.

Stochastic programming: Optimization problems in which some of the constraints

depend on random variables.

3.3.8.4 Evolutionary algorithms
An evolutionary algorithm employs methodologies that draw inspiration from

biological processes such as selection, mutation, recombination, and reproduction [98].
Candidate solutions to the optimization problem are represented as members of a
population, and their "living environment” is determined by the fitness function. Fuzzy
logic, genetic algorithms (GAs), and artificial neural networks (ANNSs) are all examples
of evolutionary algorithm methodologies [99]. These methods are elaborated upon in

greater detail below.
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3.3.8.5 Genetic algorithms (GA)

A genetic algorithm is a search methodology that utilizes evolutionary principles, such
as inheritance, learning, selection, and mutation, to find an ideal answer. The process
starts by establishing a group of potential solutions referred to as people. It then
advances through successive generations, with the evaluation of each individual's
fitness. Fitness is determined by the goal function. Subsequently, many individuals are
chosen from the present generation according to their fitness and altered to create a fresh
population. The subsequent iteration utilizes this updated population, enabling the
algorithm to advance toward the intended optimum point [100].

3.3.9 Multi-objective optimization

Optimal conditions rely heavily on the objective function. However, most real
applications generally prioritize numerous performance characteristics. When
designing thermal and energy systems, efficiency, production rate, output, quality, and
heat transfer rate should be maximized, while cost, input, and environmental effects
should be minimized. The objective function for a problem can be any of these,
however, it is typically more relevant and valuable to consider several objectives. A
single-objective optimization issue involves finding the optimal value for a single
objective function. Multi-objective optimization refers to the process of optimizing
several objective functions. A popular method for minimizing or maximizing numerous
goal functions is to merge them into a single function. For illustration, maximizing heat
transfer rate is important when designing heat exchangers and cooling systems for
electronic equipment [101]. Nevertheless, this leads to increased fluid flow rates and
pressure losses due to friction. In recent years, there has been significant attention
directed toward multi-objective optimization as an additional approach. This method
involves the consideration of two or more relevant objective functions for a given
problem, followed by developing a strategy to balance or trade-off each objective
function in relation to the others [102].

3.4 Analyses of the CCPP system
The CCPP system has undergone thermodynamic (energy and exergy analyses) as well

as exergoeconomic analysis. Further, the advanced exergoeconomic assessment has
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also been performed to evaluate avoidable and unavoidable cost factors of the system.
The component-wise mathematical modelling is described as follows:

3.4.1 Energy Analysis

3.4.1.1 Air compressor

Air is fed to the compressor at a pressure, P; and temperature, T;. The exit temperature,
T, is a function of the polytropic efficiency of the compressor (14.) , pressure ratio (rp)

and specific heat ratio of air (Y.omp) as follows:

1 Ycomp—1
I = T, x (1 + —<rp7ycomp _ 1)) (3:29)
nac
Where, 14 is isentropic efficiency of air compressors as given below [103]:
Tp—1
nAC = 091 - ;’00 (330)

The required work rate for the compressor is defined as the function of the air mass flow
rate (rh,), the specific heat (Cp,comp), temperature difference, and mechanical

efficiency of the compressor (1,,,).

WC _ man,Co:In:l(Tz— Ty) (331)

Here, Cy, comp [104] and y.,m;, are determined as follows. Hence,

Cpa — 1.04841 — (3.31871T> n (9.4537T2)_ (5.49031T3)+ (7.9298T4) (3.32)

0% 107 1010 1014
Coa = Cpo — 0.287 (3.33)
Gy = 10770~ (S5 + (2225) - (S87) 4 (20) a3
Covap = Cppap — 04614 (3.35)
Cocomp = Cpa + WaiCpap (3.36)
Co,comp = Coa + 0g,iCypap (3.37)
Veomp = 22222 (338)
Where C,, 4, and C,, .4, represent the specific heat of water vapour at constant pressure

and constant volume, respectively. w,; represents the specific humidity of air at the

compressor's inlet.
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3.4.1.2 Combustion Chamber

The flue gas properties from the exit of the combustion chamber are a function of the
lower heating value (LHV) of fuel, airflow rate, and efficiency of the combustor(n.¢).
The following equation exhibits the energy balance in the combustion chamber:
MaCpaTy + MyNee. LHV = (g + 1) CpyTs (3.39)

The exit pressure is estimated by taking the pressure drop (AP.) into account across
the combustion chamber, represented as:

P; = P,(1— AP;) (3.40)
Moreover, the properties of combustion products are evaluated via chemical and
thermodynamic equilibrium. The chemical reaction of hydrocarbon fuel is considered,
according to Ahmadi, et al. [81], followed by its chemical equilibrium. Specific heat of
combustion products is obtained from the standard theory of mixture by taking the

specific heat of all constituents individually for different temperatures [105] as follows:

Cpg = fh * [yl Cp,l + V2. Cp’z + V3. Cp'3 ...... Yn- Cp’n] (341)

i

where 1= 1,2,3...represents the constituents and y; = %

fr 1s known as the humidity correction factor [39] and represented as
fn=140.05¢ (3.45)
where ¢ is relative humidity at the exit of the inlet air cooler.

3.4.1.3 Gas Turbine

Similar to the compressor, the outlet temperature from the gas turbine is a function of

the polytropic efficiency of the gas turbine(ngr), pressure ratio (£—3) across the gas

4

turbine, and the specific heat ratio of the gas (vy).

1-Yg
P,
T, = Ty x | 1—ngr <1 - (P—z) Yo ) (3.46)
A correlation for isentropic efficiency of the gas turbine as a function of (ﬁ) can be
4
given as [103]:
(G
Ngr = 0.90 — X — (3.47)

45



The expansion work rate from the gas turbine is estimated by considering the flue gas
flow rate(ri, ), gas-specific heat(C,, ), the temperature difference between entry & exit,

and mechanical efficiency(n,,).
WGT = mngg(TB - T4)- NMm (348)
3.4.1.4 Dual Pressure HRSG

A dual-pressure HRSG consists of two sections responsible for heat recovery from hot
exhaust gas. Each section has two distinct pressure levels, high pressure, and low
pressure sections. Each component in these sections works under the designed pressure
levels [106]. For each level of pressure, there is a pinch point (PP) and approach point
(AP). The pinch point is the minimum temperature difference between the gas and the
water stream at the entry of the evaporator [107]. Pinch points and approach points are
considered constant in this study. With each section and component, the temperature of
the exhaust gases keeps on decreasing as the heat transfer occurs in each component as

shown in Error! Reference source not found..

Each component of the dual pressure HRSG maintains energy balance for the gas and

water streams. The equations listed in Table 3. 1.Error! Reference source not found.

Table 3. 1 Energy balance equations in HRSG components

HRSG component Equations
HP Superheater 1y Cpg(Ty — Tag) = Mg np(Rnpsnexr — Anpshin)
HP Evaporator 1y Cpg(Tag — Tap)

= ms,hp(hhp,evap,ex - hhp,evap,in)
HP Economizer 1y Cpg(Tac = Taa) = Mg np(hnp.ecoex = Mnpeco,in)
LP Superheater 1y Cog(Tap — Tac) = Mg (Rip shex — Ripshin)
LP Evaporator 1My Cpg(Taa — Tae) = Tits1p(Ripevap,ex — Ripevap,in)
LP Economizer 1y Cpg(Tae = Ts) = Misup(Mipecoex = Mip.eco,in)
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Fig. 3. 5 Temperature and heat transfer in several components of HRSG

3.4.1.5 Steam Turbines

The work generation rate from HPST is obtained by the expansion of steam coming
from the high-pressure section of HRSG up to lower pressure. This steam is
adiabatically mixed with low-pressure steam coming from the low-pressure section of
HRSG. Likewise, the mixed steam is expanded in LPST to produce further work. The
energy equations of both steam turbines are as follows:

WHPST = nm-nisen,hpst-ms,hp(hhp,sh,ex - hlp,sh,ex) (3.49)
Mg 1p + Mgpy = M (3.50)

Here, m is the total mass flow rate of steam that is to be expanded in LPST.
WLPST = NMm-Nisen,lpst- (ms(hlp,sh,ex - hlpst,dea,pres) + (ms -

ms,dea)(hlpst,dea,pres - hlpst,ex)) (3-51)
3.4.1.6 Steam condenser

The exiting steam from LPST is condensed in the steam condenser. The energy balance

between the steam and cooling water is depicted as follows:

(ms - ms,dea)(hlpst,ex - hcond,ex) = Thcpr,cw(tcw,in - tcw,out) (3-52)
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3.4.1.7 Deaerator

The deaerator removes dissolved gases such as O, and CO; from the condensate by
using steam bled from the LPST; as a result, feed water is obtained at deaerator pressure.
Deaerator pressure is calculated using the deaerator temperature ratio for the

optimum heat recovery from the exhaust [108]:

Tfw,deaex™ Tcond
Hdea — fw,dea,ex con (353)
wa,sat:,hp —Tcond

The mass flow rate of steam bled for deaeration is calculated with the help of energy

balance as follows:

ms,dea(hs,dea,in - hcep,ex) = ms(hfw - hcep,ex) (3-54)
3.4.1.8 Condensate extraction pump

The work input rate in CEP is given as:

V.Vcep — (ms_ms,dea)(hcep,ex_ hcond,ex) (355)

Nm,cep
3.4.1.9 Boiler feed pumps

The required work input rate for low and high-pressure boiler feed pumps (BFP),

respectively is written as:

. m h -h
WBFP Ip — s,lp( hrsg,lp fw) (356)
! 'm,BFP,lp
. m h -h
WBFP hp — s,hp( hrsg,hp fw) (357)
! N'm,BFP,hp

The total work output of standalone CCPP is given as:
Weepp = Wor — We + Wypsr + Wipsr — WBFP,lp - WBFP,hp - chp (3.58)

The efficiency of standalone CCPP is established as

_ Weepp
Necepp = Yy (3.59)

3.4.2 Analysis of Double effect water-LiBr VARS

The working fluid for a series flow double-effect vapour absorption refrigeration system
(DE-VARS) comprises a refrigerant (Water) and an absorbent (LiBr) [109]. It is
modeled using the approach and assumptions of Gomri and Hakimi [110]. The
thermodynamic properties (enthalpy and entropy) of water-LiBr solution at different

points are calculated using the correlations suggested by Patek and Klomfar [111].
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The concentrations of strong solution (function of the absorber and evaporator
temperature) and weak solution (function of VARS condenser and LPG temperature)

are calculated as follows [112]:

 49.04+1.125t,—t,
SS 7 134.65+0.47t,

(3.60)

X, = 49.04+1.125t pG—t¢ (3.61)

134.65+0.47t.pg

The concentration of the medium solution(X,,;) lies between X,,; and Xs. X5 iS
calculated using an iterative method unless the energy balance in LPG reaches up to
0.0001 kW [110]. Hence, the mass flow rate of weak, strong, and medium solutions is
calculated using the concentration values. The energy balance in LPG is given
as follows:

Qrpc = Mohgtmyghig = Myohyg + Myzhyy + Myshys (3.62)

The concentration value should be less than the critical concentration to eliminate
crystallization at any point in the system. The critical concentration as a function of
temperature (in °C) was developed by a dynamic simulation model for double effect
VARS [113]. It can be expressed as:

X = 0.0809 x t + 61.341 (3.63)

The heat load in HPG and evaporator is given by:

Qupc = mg,HPGCpg(TS —Tg) = mohg + myzhy; — Myghye (3.64)
Qevap = ma,evapcpa(TO —T1) = myphy; —myihyy (3.65)
The energy balance in the condenser and absorber is written as follows:

Qcond = My,conaCpw (ATw,cond) = My hy1 + Myzhy — myohyg (3.66)
Qaps = mw,abscpw(ATw,abs) = myzhy; + Myshys — myzhys (3.67)
The overall performance of VARS is estimated by evaluating its COP, represented as:

cop = —Levar (3.68)

QuPG+Wsp
where Wsp is work input rate to the solution pump and expressed as:

Wop = myg HLETeks) (3.69)
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Fig. 3. 6 A mathematical framework and flow-chart of the thermodynamic simulation
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3.4.3 Integrated system (CCPPV)

Now, the total work output of an inlet air cooling integrated system (i.e., CCPPV) is

calculated as

Weeppy = Weepp — Wsp

Neeppy =

WCCPPV
ﬂcc.‘rﬁ.fLHV

3.4.4 Exergetic Assessment of CCPP system

(3.70)

(3.71)

The equations for exergy destruction rate and exergetic efficiency are presented in Table

3.2.
Table 3. 2 Equations for exergy destruction rate and exergetic efficiency for various
components
Component Exergy destruction rate Exergetic efficiency
Air compressor EXD,AC = Ex; — Ex, + Wy, Ex;, — Ex,
Nex,ac = :
Wac
Combustion Expcc = Ex, — Exs + Ex; _ Exg
chamber Tex.cc = Ex, + Exs
Gas turbine E;xD’GT = Exs — Ex, — Wgr Wer
Nex,cT = 7 ;
EX3 — Ex4
HRSG ExD,HRSG — z Ex Nex,HRSG
LHRSG _ Zi,water Ex - Zi,steam EX
_ z Ex Ex, — Ex;
0,HRSG
HPST Expupst = EXippst Nex,HPST
— ExO,HPST _ WHPST
_ WHPST Exi upst — EXo upst
LPST Expipst = EXiipsr Nex,LPST
- Exo,LPST _ WLPST
— WLPST Ex;ipst — EXoLpsT
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Condenser ; ; Ex
Ex - Ex _ D,Cond
D,Cond Nex,cond = 1- ;
i,cond Zi,Cond Ex
Sy
o,Cond
Boiler feed pump E:xD’BFP = E'xl-,BFP — E'xO,BFp Exo,p - Exi,p
. Nex,BFP — W
+ Wgpp BFP

The mathematical framework of the simulation process used for the thorough study and
comparison to achieve improvement post inlet air cooling using DE-VARS is shown in
Fig. 3. 6.

3.4.5 Cost Balance

It is necessary to compute the cost balance equations for each component in order to
ascertain the cost factors applicable to each stream. Given that each component of the
CCPP system has multiple inlets and outlets, the number of unknown cost factors
exceeds the number of components. As a result, additional equations are necessary. The
supplementary equations, referred to as auxiliary exergoeconomic equations, are
devised to facilitate the computation of individual cost factors [114]. Thus, the
formation of a following system of linear equations can be accomplished by
implementing the general cost balance equation (Equation 14) and subsequently solving
it.
[Ex;.] X [cx] = [Z4] (3.72)
where Ex,, ¢, and Z, represent the matrices of exergy rate, cost vector, and capital cost
rate. Moreover, the purchase equipment cost (PEC, in $) function of each component is
given below:
e Air Compressor
The PEC of an air compressor depends on the air flow rate, its pressure ratio,

and isentropic efficiency as formulated as follows [115]:

. 1 P, Py
Z = CyyMmyy ———=1In—=
AC Al'tair Caz—Tac P1 Py

(3.73)

where C,; = 44.71$/(kg/s) and C4, = 0.95

e Combustion Chamber
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The PEC of the combustion chamber is a function of air flow rate and TIT as

described below:

) 1
Zee = CecrMgir{l + exp[Ceca (T3 — Cec3) 1}

P3
0.995 P,

(3.74)

where Cecy = 28.98 $/(kg/s), Cecz = 0.015~and Cees = 1540

Gas Turbine
The PEC of the gas turbine depends on the gas flow rate, TIT, gas turbine

expansion ratio, and isentropic efficiency as formulated below:
. 1 P
ZGT = C‘Gl'l'ngasCfln_3 {1 + eXp[Cg3 (T3 - 1570)]} (375)
G2=NGr P
where Cg1 = 301.45 $/(kg/s), Cs = 0.025—and Cg, = 0.95

HRSG
The cost function of dual pressure HRSG is the function of low and high
pressures, steam flow rates at different levels, temperatures of steam and gas,

and the gas flow rate.

. 0.8
Q .
ZHRSG = CHl pr,i fT,steam,ifT,gas,i (ATlni) + CHZ Z(fp,jmsteam,j) +

Gt (3.76)

where

fpi = 0.0971 —"—+0.9029 (3.77)
fr.steami =1+ €exp (W) (3.78)
fros =1+ exp(Z42=) (3.79)

Steam Turbine
The PEC of the steam turbine depends on the steam turbine inlet temperature,
the isentropic efficiency of the steam turbine, and the work produced by the

steam turbine.

Zsr = Coa(Wsr)"” (1+ (222 ) {1 + exp (Lnsaem-0ee )} (350

1-7nsT

$

Where Cs; = 3880.5 ——

Condenser
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The PEC of the steam condenser is the function of heat rejected by the condenser
and the cooling water flow rate (mqy).

QCOn >
Zcona. = Ce1 k-ATzi + Ceomew (3.81)

w
m2K

where Cg; = 280.74—5, Cc, = 746 $/(kg/s), k = 2200
e Pump

The PEC of the boiler feed pump is the function of pump work and the isentropic

efficiency of the pump.

Zpump = CPl (M./P)O.71 (1 + 13.;[)) (3.82)

where Cp; = 705.48 $/kW
3.4.6 Splitting of Exergy destruction rate

Due to both fundamental and economic factors, there will always be a certain level of
exergy destruction in any component that is unavoidable. This part is commonly
referred to as an unavoidable component of exergy destruction. And here's how it's
calculated:

i UN ; Eka UN
xph = Expp | == .
ExYl = E ,k( ) (3.83)

this ratio is multiplied Exp, by which is determined based on the cycle with real
conditions. These conditions of real cycle and unavoidable cycles are given in Table 3.
3 [116, 117]. Furthermore, the remaining portion of exergy destruction (i.e., avoidable

exergy destruction, Ex$Y%) can be written as:

Exp% = Expy — ExpX (3.84)
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Table 3. 3 Values considered for real cycle and unavoidable cycle

Parameter Real Cycle Cycle with unavoidable Conditions

Nis,comp 86% 94%
Nis,gt 88% 94%
Nis,st 87% 95%
Nee 95% 99%

Esh 90% 95%
APcc 7% 1%
Econd 90% 95%
Enrsg 85% 95%
Nis,pump 85% 95%

The exergy destruction ratios and exergetic efficiency can be adjusted using advanced

exergy analysis as described below:

E'xAV

Ymod.k = WD:; (3-85)
. E'xAV

Ymod.k = Wtbfml (386)
E

Nex k,mod = “Pk (3-87)

Exp_k—Exg‘I,\(’
3.4.6.1 Avoidable and Unavoidable cost rates
When combined with advanced exergy analysis (taking into account the avoidable and

unavoidable components of exergy degradation), the exergy costing method is referred
to as an approach of advanced exergoeconomics. The corresponding cost factors of

exergy destruction splits can be calculated as follows:

CoX = cppExhy (3.88)

Co% = crrExph (3.89)
Similarly, costs associated with investment can be split as avoidable or unavoidable as

shown below:
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) . 7. \UN
ZUN = Fxp, ( i ) (3.90)

EXp
ZA = 7, — ZUN (3.91)

The modified exergoeconomic factor can be determined as follows:

2V

frmodifiea = (3.92)

> AV AV
Zk +CF’kExD‘k

The aforementioned equations and correlations are employed in various analyses to
derive outcomes and facilitate additional optimisation of CCPP.
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CHAPTER 4

MODEL VALIDATION

4.1 Introduction

Validating the numerical model for this system is essential to avoid discrepancies and
attain trust in the precision of the results. The study results have been validated by prior
experimental experiments that have been published. The CCPP model and the double-
effect VARS intake air cooling system model have been validated by experimental

findings from several studies.

4.2 Validation of combined cycle power plant

Fig 4. 1 illustrates the block layout of an actual combined power plant station located in
Delhi, India. The plant comprises two intercooled gas turbine cycles, each with a
capacity of 104 MW, and a steam turbine with a capacity of 122 MW, resulting in a
total capacity of 330 MW. The facility operates under the Pragati Power Corporation
Ltd, located in New Delhi, where the experimental data was collected [118]. The plant
data (shown in Table 4. 1) were incorporated into the MATLAB code, which was
adjusted to reflect the component arrangement of the aforementioned plant. The
outcomes are acquired to illustrate the comparison between data from mathematical

modelling and data from experiments.

Table 4. 1 Data collected for model validation

Description Value
Compressor inlet temperature 30°C
Compressor discharge temperature 390°C
Gas turbine inlet temperature 1085°C
Gas turbine exhaust temperature 560°C
Compressor pressure ratio 11.5
Compressor & turbine efficiencies 85%
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Fig 4. 1 Schematic of an actual combined cycle power plant (2 Gas Turbines - 104
MW x 2 and 1 Steam Turbine — 122 MW x 1)

Fig 4. 2 displays the temperature variations of gas/air at multiple locations in both
operation and simulation. The temperature data is obtained by supplying plant data into
a mathematical model that includes parameters such as compressor pressure ratio,
atmospheric conditions, and fuel intake. The simulated model has been evaluated using
the fixed gas turbine intake temperature as of the operational data. A maximum
deviation under 5.37% in the corresponding temperatures was observed, indicating a

satisfactory level of concurrence between the operational and simulated models.
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Fig 4. 2 Comparison of air/gas temperature in simulation and operational data at
different locations of CCPP

Fig 4. 3 shows the comparison of gas turbine cycle efficiency as an effect of maximum
temperature ratio (T5/T,) for both actual plant data and mathematical simulation
studies. The primary determinant of the maximum temperature ratio is the gas turbine
inlet temperature (T5) which varies between approximately 1170 K and 1750 K. The
compressor inlet temperature (T;) remains constant at 293K, representing the ambient
air temperature. It has been observed that the rise in temperature ratio results in a
corresponding rise in the efficiency of gas turbines. The efficiency in both scenarios
shows similar variation and demonstrates strong agreement. The generated model
deviates by a maximum of 3.08% from the actual plant data throughout the whole range
of variation. This difference is initially observed at a temperature ratio of 4, after which
it gradually decreases. Additionally, at a temperature ratio of 5.39 (T5;= 1579K), it was
observed that the efficiency of gas cycles in both cases is nearly equivalent, before the
difference begins to rise again. The disparity between the simulation findings and the
plant data may be attributed to dissimilar variations in isentropic efficiency (of the
compressor and gas turbine) with temperature. Also, the differences in the combustion

mechanism and the heat losses in both cases may contribute to the aforesaid deviation.
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4.3  Validation of double-effect VARS
The model of water-LiBr double-effect VARS has been validated by an experimental

study of the micro-scale absorption chiller by Yin, et al. [119]. The input parameters of

this study are used for generating results from the program made in MATLAB. Table

4. 2 shows the comparison of results obtained from the present model and experimental

results of Yin, et al. [119] for validation. The simulated results exhibit a maximum

deviation of 5.34% from the experimental data.

Table 4. 2 Model validation of Water-LiBr double-effect VARS

Input Parameters Value

Chilled water inlet 13.9°C

temperature

Cooling water 30.78 °C

temperature

Cooling water flow 1.546 kg/s

rate

Chilled water flow rate | 0.5616 kg/s

Output Value Simulation Experimental Difference
results results [119] between
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simulation and
experimental

results
Chilled water outlet 7.05°C 7°C 0.71%
temperature
Cooling effect 17.19 kW 16.63 kW 3.36%
COP 1.0851 1.03 5.34%
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

To enhance understanding of the system's performance, it is essential to conduct
numerous investigations to evaluate how the performance of CCPP varies under
different operating conditions. This chapter provides an explanation of the results
pertaining to energy, exergy, sustainability, exergoeconomic analysis, advanced
exergoeconomic analysis, and multi-objective optimization. Exergy analysis is
employed to investigate different thermal processes, particularly power production in
the CCPP system, and can provide valuable insights for devising strategies and
guidelines to enhance energy efficiency and effectiveness. The exergy analysis involves
calculating the rate at which exergy is being destroyed and the exergy efficiency of each
section in the CCPP. It also estimates the total exergy efficiency of the CCPP system.
Exergy analysis is convenient for determining and measuring the origin of inefficiencies
in the systems, specifically related to each component. Additionally, the enhanced
system (inlet air-cooled integrated CCPP system) is being evaluated for its
sustainability. The exergy-based sustainability assessment of the system evaluates and
analyses various sustainability indicators of a standalone CCPP and an integrated CCPP
to determine fuel utilization. In addition, the exergoeconomic analysis demonstrates the
use of the exergy costing approach to evaluate the rate at which exergy is destroyed, as
well as the cost of investment for each component and how it changes with different
operational parameters.

By utilizing optimization, the most advantageous compromises between the CCPP
system's numerous operating parameters can be determined. The presence of total cost
rate and efficiency in the systems renders a single objective optimization strategy
incapable of generating an exact optimal solution. An outcome of this is the

implementation of a multi-objective optimization strategy on the system.
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This chapter explores several output key parameters. The performance parameters
include total work generation, overall exergy efficiency, and total exergy destruction
rate, and cost parameters include cost rate of exergy destruction cost, investment cost,
and total operational cost. In addition, a thorough parametric analysis is undertaken to
improve the comprehension of the system's performance. This study examines the
effects of varying various key design parameters on the system's performance. The use
of a multi-objective genetic algorithm optimisation technique allows for the
determination of the most optimal design parameters by establishing specific objective

functions. The input data used for simulation is presented in Table 5. 1.

Table 5. 1 Input data used for analysis

Component Parameter Unit

Compressor Compression ratio (B,.) = 12-21 -

Mechanical efficiency (1, comp) = 98.5% -

Combustion Combustion efficiency (n..) =99% -

chamber LHV of fuel = 47200 kd/kg

Fuel composition CH4 = 90% -

Air composition (by volume) = 21% O, 79% N> -

Pressure drop = 7% of entry pressure -

Gas turbine Turbine inlet temperature (T5) = 1400-1750 K

Flue gas exhaust pressure = 1.093 bar

Mechanical efficiency (17, 1) = 98.5% -

HRSG HP steam pressure = 95 bar
LP steam pressure =5 bar
HP steam temperature = 843 K

LP steam temperature = 475

Stack Stack exhaust temperature > 393

Steam turbine Mechanical efficiency (17,,sr) = 98.5% -
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Isentropic efficiency (isen.psr) = 92% -

Isentropic efficiency (isenupst) = 88% -

Steam quality at LPST exit = 0.88 -

Steam Condenser Condenser pressure = 0.05 bar

Deaerator Deaerator pressure = 1.293 bar

Deaerator temperature ratio = 0.27 -

VARS Effectiveness of HPG = 0.96 -
Evaporator temperature (Teyqp) = 278 K
HRSG exhaust temperature <423 K

SHE Effectiveness = 70% -

Mechanical Efficiency of the solution pump |-
(nm,SP): 95%

5.2 Effect of ambient temperature and inlet air cooling on energy parameters

Based on the thermodynamic equations mentioned in the methodology section, energy
analysis is the primary criterion for the assessment of the CCPP and CCPPV (i.e., inlet
air cooler inetgrated CCPP). Moreover, the ambient temperature, which is a crucial
factor, affects the energy performance of CCPP. Energy performance encapsulates the
specific work output and thermal efficiency as the key performance parameters for the
comparison of both cases. The CCPP configuration used for energy analysis includes a
gas turbine cycle, a dual-pressure HRSG, and a steam cycle with high and low-pressure
turbines. The CCPP has been assessed using the base input parameters. In addition to
the data provided in Table 5.1, the ambient temperature is assumed to be 15 °C (288K),
which is the designated ISO ambient temperature for gas turbines. At this ambient
temperature, there is no input air cooling being used. Therefore, the compressor inlet
temperature (CIT) is equal to the ambient air temperature (i.e., 15 °C). The CCPP
exhibits the performance as 620.91 kJ/kg of specific work output and 61.96% of the

thermal efficiency.
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If the ambient temperature rises, the existing CCPP is equipped with a DE-VARS based
intake air cooler (CCPPV) to ensure that the CIT remains at 288K. The ambient
temperature is considered to rise in intervals of 2K, and the enhancement in performance
is determined. Both performance parameters show the improvement. Nevertheless,
there is a consistent rise in the specific work from 2.07% to 5.04% over the range, while
the thermal efficiency improves up to an ambient temperature of 296K (8K degree of
cooling) and then begins to decline. The improvement in thermal efficiency increases
from 1.58% (at 290K) to 1.64% (at 296K), and then declines to 1.25% (at 360K). The
decline can be attributed to a reduction in steam specific work, which occurs at higher
ambient temperatures due to the DE-VARS requiring a greater HRSG exhaust energy
to produce a cooling effect. The subsequent set of results displays the impact of ambient
temperature on the absolute scale for both the CCPP and CCPPV systems.

5.5 T 1 1.65

1.6
5r

1.55
4.5
1.5

1.45

35 14

CiIT=288K 1.35

Increase in specific work (%)
Increase in thermal efficiency (%)

25

2 1.2
290 292 294 296 298 300 302 304 306
Ambient Temperature (K)

Fig. 5. 1 Performance enhancement as an implementation of inlet air cooler with
increasing ambient temperature

The plant-specific work output as a function of ambient temperature is depicted in Fig.
5. 2. The compressor’s inlet temperature rises as the ambient temperature rises, resulting
in more compression work. As a result, the specific work output rate in CCPP decreases.

When the compressor inlet temperature (CIT) is fixed at 288K via inlet air cooling, the
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CCPPV-specific work increases by 2.07% to 5.04% when the ambient temperature rises
from 290 K to 306 K. On the contrary, CCPPV-specific work decreases across the range
because, in order to keep CIT at 288K, VARS must fetch more heat from the HRSG as

the ambient temperature rises.
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Fig. 5. 2 Effect of ambient temperature on specific work output

As shown in Fig. 5. 3, increased temperature exhaust is required at the HRSG exit. It
eventually leads to less STC-specific work. The COP of VARS as a function of ambient
temperature is also shown in Fig. 5. 3. When the ambient temperature rises from 290 K
to 306 K, the COP falls to 0.83 from 1.44. The reason for this is that as the ambient
temperature rises, the evaporator must absorb more heat from the surrounding air in
order to maintain CIT at 288K. To increase the heat intake from the evaporator, the
VARS must generate more refrigerant, which ultimately increases the heat supplied by
the HRSG exhaust at the HPG. However, as the ambient temperature rises, the heat
input in HPG rises faster than the heat intake in the evaporator, resulting in a decrease
in the COP of VARS.
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Fig. 5. 3 Effect of ambient temperature on the COP of VARS and HRSG exhaust
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Similarly, in Fig. 5. 4, the thermal efficiency is shown as a function of ambient
temperature. The thermal efficiency of CCPPV is found to be higher than CCPP, which
also indicates lesser fuel consumption per unit of work output. At 290 K, an
improvement of 1.58% is observed, which increases to 1.64% at 296 K and then
decreases to 1.23% at 306 K. Thus, when the temperature difference between cooled air
and ambient air (i.e., the degree of cooling) is 8 K, the greatest increase in thermal

efficiency is observed.
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5.3 Effect of ambient temperature and inlet air cooling on exergetic performance

The exergetic performance summarises the exergy destruction rate and exergetic
efficiency of each component and the complete CCPP system (as considered in energy
analysis).

Fig. 5. 5 depicts the exergetic efficiency of the system as a function of ambient
temperature. As the ambient temperature rises, the exergetic efficiency decreases. Since
the high CIT decreases the useful exergy (net work output) in CCPP, the resulting
exergetic efficiency decreases. After maintaining the CIT at 288 K with the help of inlet
air cooling, exergetic efficiency is found to be improved. CCPPV is 1.23% to 1.64%
more exergetically efficient than CCPP over the specified ambient temperature range.
However, the specific exergy destruction in CCPPV is 0.91% lower than in CCPP at
290K, and the same becomes 1.46% higher at 306 K. This increase is due to an increased
fuel supply in the combustion chamber and the addition of the VARS to the existing
CCPP. Table 5. 2 shows the component-wise specific exergy destruction in each
component. Among all components, the combustion chamber is shown to be the largest
exergy destroyer. In both cases, the contribution of the exergy destruction in the
combustion chamber is greater than 60.32% of the total specific exergy destruction.
These outcomes are owing to the enormous irreversibilities associated with chemical
reactions and heat transfer across substantial temperature differences between

compressed air and fuel.

Table 5. 2 Specific exergy destruction in various components

Component Specific exergy destruction (kJ/kg)
CCPP CCPPV

Compressor 36.45-44.70 44.94-45.93
Combustion chamber 476.55-502.38 478.31-507.94
Gas turbine 58.52-61.40 58.46-60.89
HRSG 106.17-111.58 102.51-110.57
HPST 20.28-20.70 21.13-21.27
LPST 34.81-36.01 36.51-36.76
Steam Condenser 20.35-47.27 21.08-50.32
VARS - 2.14-2.45
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Stack 17.33-23.77 13.13-14.41

Fig. 5. 6 depicts the percentage change in those parameters over the degree of cooling
ranges from 2 to 18 K. The rate of fuel intake into the combustion chamber increases as
the air cools before the compressor. With it, the rate of increment of total work also
increases. Since total work consists of GTC and STC-specific works, as the degree of
cooling increases, the increase in gas turbine work increases while the increase in steam
turbine work decreases. The increase in gas turbine efficiency is correlated with the
constant reduction of compressor work caused by cooled air. The increase in STC-
specific work is a result of the increased flue gas rate in the GTC, followed by the HRSG
as a result of cooling. However, as the degree of cooling increases, STC-specific work
decreases because VARS requires more energy from HRSG exhaust, thereby reducing
the steam production rate. And, as the cooling approaches a higher degree, the effect of
decreasing increment in STC-specific work becomes predominant. As a result, the rate
of increase in total work has been observed to decrease as the degree of cooling
increases. After 18K of inlet air cooling, the total work curve could begin to flatten or
decrease. In contrast, the increase in the exergetic efficiency of the entire system
continues up until 8K of air inlet cooling. After that, it decreases until the degree of
cooling reaches 18K.
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Fig. 5. 6 Effect of degree of cooling on variation in several parameters of CCPPV
This result suggests that the optimal degree of cooling for CCPPV, in terms of total
work output and exergetic efficiency, is between 8 and 18 K. CCPPV can operate with
a cooling degree of 18K to generate maximum work and with a cooling degree of 8 K
to maximize yield in exergetic efficiency. If the price per unit of electricity is high, it
may be economically advantageous to operate the CCPPV with 18 K of cooling; if the
price per unit of fuel increases, the degree of cooling could approach 8 K in order to

balance overall operational costs.

5.4 Effect of inlet air cooling on sustainability indicators

The range of fuel depletion ratios for all major components with and without inlet air
cooling is shown in Table 5. 3. The total fuel depletion ratio is shown to be 1.38% to
1.26% lower after using inlet air cooling. It suggests that CCPP with inlet air cooling
(i.e., CCPPV) ends up destroying less exergy per unit of fuel than standalone CCPP.
Therefore, CCPPV turns out to be more exergetically superior to standalone CCPP. The
fuel depletion ratio in both the major exergy destroyers, i.e., the combustion chamber
and HRSG, is found to be decreased in CCPPV.
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Table 5. 3 Comparison of Fuel depletion ratios

Component Fuel depletion ratio*100 (%)
CCPP CCPPV
Compressor 3.27-3.87 3.88 —4.06
Combustion Chamber 41.35-45.12 41.30 — 43.92
Gas turbine 5.07-5.51 5.04-5.27
HRSG 9.21-10.02 8.85-9.57
HPST 1.76-1.85 1.82-1.83
LPST 3.02-3.23 3.15-3.18
Steam condenser 1.82-4.11 1.82-4.29
Total 68.85-70.74 67.60-69.22

Fig. 5. 7 shows the exergetic improvement potential as a function of ambient
temperature. CCPPV has shown lower overall exergetic improvement potential than
CCPP. However, the increase in improvement potential in CCPPV is rapid with the
increase in ambient temperature. At 290 K, the difference in exergetic improvement
potential is 3.07%, which decreases to 0.37% at 306 K. The combustion chamber in
CCPPV is found to have marginally increased improvement potential by 0.60% to
1.70%, while HRSG has shown a decline of 2.89% to 8.97% in the same.

Fig. 5. 8 demonstrates the effect of increased ambient temperature on the environmental
effect factor (r..r) and environmental sustainability index (ESI). The 7., varies
between 1.285 and 1.331 for CCPP while for CCPPV, it varies between 1.247 and
1.285, showing a reduction of 2.92% to 3.40% over the specified range. On the other
hand, ESI varies from 0.777 to 0.751 for CCPP, and 0.803 to 0.778 for CCPPV, showing
an improvement of 3.01-3.52%. Thus, a reduction in r,.r shows less damage to the

environment after cooling the inlet air. Also, the increase in ESI implies that there is a

reduction in waste exergy, as decreasing the CIT is an effective way.
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Fig. 5. 9 shows the variation of .., with exergetic efficiency. As exergetic efficiency

increases, the 7., decreases. Also, the range of 7., shifted even lower after the
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integration of inlet air cooling. It implies that the CCPPV is more exergetically efficient
because it releases fewer emissions into the atmosphere. Since ESI is reciprocal to 7.,
ESlI increases with an increase in exergetic efficiency. Therefore, CCPPV has witnessed
greater sustainability due to reduced irreversible losses and, hence, efficient utilization

of fuel.
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Fig. 5. 9 Variation of exergetic efficiency with Environmental effect factor

5.5 Effect of operating parameters on the components of CCPP

It is imperative to consider the influence of other operational factors such as compressor
pressure ratio (PR) and turbine inlet temperature (TIT) along with ambient temperature.
A component-by-component assessment is recommended for attaining better insight.
This assessment takes into account a typical CCPP configuration that includes a gas
turbine cycle, a single-pressure HRSG, and a steam cycle.

Fig. 5. 10 depicts the compressor work versus the specific exergy destruction and
exergetic efficiency of the compressor. These exergy parameters are calculated when
the ambient temperature falls to 288 K from 306 K. At the leftmost points of each curve,

the pressure ratio is 12, increasing to 21 at the rightmost point. The compressor work,

74



exergy destruction rate, and exergetic efficiency all increase with the pressure ratio for
a given ambient temperature. It is observed that decreasing the ambient temperature to
288 K from 306 K results in lesser exergy destruction for any pressure ratio. It is
noteworthy to see that exergetic efficiency at ambient temperature 288 K is observed to
be lesser than that at 306 K. When the ambient temperature drops, the difference in
exergy between the compressor's outlet and inlet decreases faster as the compressor

work decreases.
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Fig. 5. 10 Effect of pressure ratio and ambient temperature on specific work and
exergetic performance of the compressor

Fig. 5. 11 exhibits the pressure ratio versus specific exergy destruction and exergetic
efficiency of the combustion chamber for pressure ratios from 12 to 21 and TIT of 1400
K and 1600 K, and ambient temperatures of 288 K and 306 K. For a given TIT, the
specific exergy destruction decreases as the pressure ratio increases. On the contrary,
for any pressure ratio, the specific exergy destruction increases as TIT increases.
Considering the fuel flow rate makes it possible to explain both of these tendencies.

When the pressure ratio keeps increasing, the fuel flow rate goes down, which makes it
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possible for the exergy destruction in the combustion chamber to continue to fall. When
the TIT increases, however, the fuel flow rate increases, resulting in increased exergy
destruction. Although exergy destruction increases as ambient temperature drops from
306 K to 288 K, this ultimately reduces the exergy of air at the compressor outlet,
increasing the fuel required to achieve a specific TIT. In terms of exergetic efficiency,
when the pressure ratio increases for a particular TIT, the fuel flow rate decreases (and
thus the exergy of fuel), lowering the net input exergy to the combustion chamber, even
though the exergy of air coming from the compressor increases. And the output exergy
remains constant (for a constant TIT), resulting in increased exergetic efficiency for
increasing pressure ratio. However, when the TIT increases or decreases, the
corresponding results are observed. A fall in ambient temperature reduces exergetic
efficiency, which can be explained by exergy input and output into the combustion

chamber. The difference is more noticeable at higher pressure ratios.
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Fig. 5. 11 Effect of pressure ratio, TIT, and ambient temperature on the exergetic
performance of combustion chamber

Fig. 5. 12 shows the change in specific exergy destruction and exergetic efficiency of
the combustion chamber as an effect of inlet air cooling. It is evident from the plot that
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cooling compressor inlet air to 288 K from ambient temperatures of 294 K and 306 K
increases the specific exergy destruction for any TIT. For the same DOC, the marginal
increase in specific exergy destruction is more pronounced at 1400 K than at 1600 K.
As the DOC for given TIT increases, so does the marginal increase in exergy
destruction. Change in exergetic efficiency of the combustion chamber exhibits the
opposite behaviour as the change in exergy destruction. The decrease in exergetic
efficiency has been observed as contrary to the increase in exergy destruction as the

pressure ratio increases.
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Fig. 5. 12 Variation in exergetic performance of the combustion chamber as the
function of pressure ratio, TIT, and DOC

Fig. 5. 13 depicts the relationship between the gas turbine's exergetic performance and
the pressure ratio, TIT, and ambient temperature. For a given value of TIT, with an
increase in the pressure ratio of the gas turbine, the exhaust temperature decreases (and
thus the exergy of the exhaust gas), resulting in increased exergy destruction despite the
gas turbine's increased work output. For a given pressure ratio and ambient temperature,
as the increased TIT links to increased exergy at the inlet of the gas turbine, the exergy

destruction increases. Also, the same decreases as the ambient temperature decreases.
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Fig. 5. 13 Effect of pressure ratio, TIT, and ambient temperature on exergetic
performance of gas turbine

Fig. 5. 14 shows the change in exergy parameters of the gas cycle when inlet air cooling
is applied. It is evident from the graph that the rate of increase in the specific exergy
destruction of the gas cycle is more significant at lower TIT (i.e., 1400 K) at the same
amount of cooling. Using the same TIT, a lesser DOC (6 K) results in a greater rate of
increase in exergy destruction. Similarly, the graphs of exergetic efficiency exhibit a

correlating trend.

Fig. 5. 15 represents the exergetic performance of HRSG as the function of HRSG
pressure, TIT, and ambient temperatures. The results for TIT 1400 K to 1600 K are
calculated in increments of 50. The leftmost points on each curve represent a TIT of
1400 K, which increases to 1600 K at the rightmost point. At a particular pressure ratio,
increasing the TIT also causes a rise in gas turbine exhaust temperature, increasing
exhaust gas exergy entering the HRSG. Hence, the curves show that the exergy
destruction rate in HRSG increases as TIT increases. When the HRSG pressure rises for

a given TIT and ambient temperature, the exergy destruction rate decreases, and
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exergetic efficiency increases. At an HRSG pressure of 110 bar, it is intriguing to
observe that the exergetic efficiency begins to rise with an increase in TIT, despite an

increase in exergy destruction.
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Fig. 5. 16 depicts the steam turbine’s work and its exergy destruction rate as the function
of HRSG pressure, TIT, ambient temperature, and condenser pressure. At any TIT, the
steam-specific work increases with the increase in the HRSG pressure from 30 to 70 bar
and then gradually decreases. Because before the HRSG pressure reaches 70 bar, the
steadily rising temperature at the inlet of the steam turbine takes over, and after that, the
steadily falling rate of steam production dominates. At TIT 1400K, the work rate
continues to decrease as the effect of the steam generation rate also decreases. Also, at
a given HRSG pressure, higher TIT results in increased steam turbine work output due
to the high exhaust temperature of the gas turbine, considering both the high steam
generation rate and the high superheated steam inlet temperature. As shown in the
graph, increasing condenser pressure reduces the work rate. However, the ambient
temperature does not affect the steam turbine work output. Furthermore, a similar
pattern of work rate has been observed for the exergy destruction rate in steam turbines

at TIT 1500K (i.e., an increase until HRSG pressure reaches 70 bar, followed by a
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decrease) at an ambient temperature of 306K. Nonetheless, when the ambient
temperature falls to 288K, the exergy destruction diminishes similarly. While
decreasing the TIT to 1400K, the exergy destruction steadily decreases, which can be

explained by the steady decline in the steam production rate.
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pressure on the performance of the steam turbine

It is necessary to investigate the impact of inlet air cooling on the 1% law performance
parameters of CCPP. Considering the ambient temperatures of 306 K and 294 K, the air
is cooled by 18 K and 6 K, respectively. The difference in performance parameters
between cooling and no cooling has been determined. Fig. 5. 17 shows the change in
the performance of CCPP due to inlet air cooling. The work output and efficiency of
CCPP are enhanced when air is cooled before the compressor. This is supported by the
fact that when air is cooled, the compressor work decreases, thereby increasing the gas
turbine's net specific work output. Even with minimal increases in fuel consumption,
efficiency gains are observed. The improvement in both performance factors is greater
with higher pressure ratios for a given TIT and DOC. Additionally, cooling the

compressor's inlet air by 18 K while maintaining the same pressure ratio and TIT yields
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greater work and efficiency than cooling it by 6 K. At a pressure ratio of 21 and a TIT
of 1400 K, it has been observed that cooling the air by 18 K increases the work rate and

efficiency by 14.16% and 3.93 %, respectively.

4

—o- TIT=1600K,T_  =306K, DOC = 18K , p
F  |[-o TT=1400K,T,, =306K,DOC = 18K ’
o 35| ——TIT=1600K, T, =294K DOC =6K ,°
S ——TIT=1400 K, T_ = 294K, DOC =6K ’
o J
g 0 %
o ’
-
Q /d
525 s’
O ’
w 7
[T.
w 2f e -
. ¢
= 4
w15 2n —
T
[= ‘a
= /,?
g 'l e |
G 05 ar |
=z L]
o
0 1 1 1 1
0 3 6 9 12 15

INCREASE IN NET WORK OUTPUT BY CCPP (%)

Fig. 5. 17 Performance enhancement of CCPP due to inlet air cooling

The rate of change in CCPP exergetic performance due to inlet air cooling is depicted
graphically in Fig. 5. 18 as a function of pressure ratio and TIT. The highest increment
in exergy destruction is observed when the TIT is 1400 K, and the compressor inlet air
is cooled by 18 K. If TIT is increased to 1700 K while maintaining the same DOC, the
net increase in exergy destruction decreases. The same increment diminishes

significantly when the DOC is reduced to 6 K.
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Fig. 5. 18 Variation in exergetic performance of CCPP as the function of DOC, TIT,
and pressure ratio

5.6 Sensitivity Analysis

In this study, the sensitivity is investigated for different components of CCPP
exergetically based on various operating parameters. Sensitivity is assessed by varying
a parameter within a specified range while keeping all other operating parameters fixed,
then observing the performance factor for different components and the entire plant.
The parameters are TIT, pressure ratio, HRSG pressure, and DOC. The sensitivity
analysis results are presented in a non-dimensional format, i.e., exergy destruction ratio,
yp. This ratio is also referred to as the efficiency defect. The lower value of this term is

favorable, as it indicates superior exergy performance.

Fig. 5. 19 highlights the variation in the exergy destruction ratio, y, of several
components of CCPP with the variation of aforementioned parameters. In Fig. 5. 18(a),
with the increase in TIT, the y,, for the gas cycle decreases owing to the decrease in y;,
for the combustion chamber and gas turbine. The gas cycle contributes significantly to

the overall exergy performance of CCPP. Consequently, the y,, for the CCPP decreases
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from 0.5238 at TIT 1400K to 0.4851 at TIT 1700K, despite an increase in y, for the
steam turbine and HRSG. In Fig. 5. 18(b), the sensitivity of various components is
observed over the change in pressure ratio. Observations indicate that the y, for the gas
cycle has increased from 0.4072 to 0.4181. This variation is attributable to the
decreasing y, for combustion chamber against the increasing y, for both gas turbine
and compressor throughout the range of pressure ratio. However, an increasing pressure
ratio results in a slight reduction (from 0.5195 to 0.5117) in y, for the CCPP system,
which makes the system superior from an exergy standpoint. The reason for this is that
increasing the pressure ratio reduces both the fuel requirement (and thus the fuel's
exergy) and the exergy destruction of CCPP. However, the latter decreases at a faster
rate than the former. Fig. 5. 18(c) illustrates the effect of a change in HRSG pressure on
the HRSG and steam turbine, as these are the only two components affected by the
variation. y, for HRSG is observed to decrease marginally (from 0.0658 to 0.0532)
over the HRSG pressure range of 50-110 bar. Nevertheless, y,, for the steam turbine is
almost constant over the specified range. The combined effect of both ultimately results
in a marginal decrease (from 0.5241 to 0.5115) in y,, for the CCPP system. Although
increasing the HRSG pressure does not necessarily increase the steam-specific work, it
does reduce the system's overall exergy destruction. When external cooling is employed
in a standalone CCPP system, it is anticipated that the various components will exhibit
distinct patterns over the range of OK to 18K. Fig. 5. 18(d) depicts the variations in y,
for the CCPP and its components over the specified DOC range. y, for CCPP is
observed to be slightly decreased (from 0.5115 to 0.5075) throughout the range. This is
because both the exergy of fuel and the exergy destruction of CCPP increase due to the
increased requirement for fuel (due to cooling) to achieve the specified TIT. However,
the former increases more rapidly than the latter. However, y, for the gas turbine cycle
has increased slightly, in contrast to the more rapid decrease in the same for the steam
cycle, resulting in a reduction of y, for CCPP. Thus, inlet air cooling makes the CCPP

exergetically superior.
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Fig. 5. 19 Sensitivity of various components of CCPP with variation in TIT, pressure
ratio, HSRG pressure, and DOC

5.7 Exergy-based multi-objective optimization

To optimize the CCPP integrated with inlet air cooling for a given range of design
variables, i.e., operating parameters, an appropriate set of correlations depicting the
pattern of the above system is required. The parametric investigation and sensitivity
analysis results indicate that the most dominant design variables influencing the
performance of CCPP are the DOC, pressure ratio (PR), and TIT. The range of selected
design variables is presented in Table 5. 4. Based on different combinations of distinct
values of these variables, the main performance factors, i.e., net specific work (W,,.¢),
total exergy destruction (TED), and exergetic efficiency (¢ ccpp) are selected. Another
reason for choosing these performance parameters is that when inlet air cooling is
implemented, the CCPP work and exergetic efficiency increase, as does total exergy
destruction. However, an increase in exergy destruction is undesirable. As a result, the
variables (input parameters) should be optimized to minimize exergy destruction.
Subsequently, three distinct types of regression models have been developed with the

help of Design Expert software. These are linear, two-factor interaction (2FI), and
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quadratic regression models. The comparison of all regression models is displayed in

Table 5. 5. For each model, the coefficient of determination, R?, has been calculated.

The smaller the difference between predicted R? and adjusted R?, the greater will be the

adequate precision. The quadratic model has the highest adequate precision (AP) values

for all three performance factors.

Table 5. 4 Range of design variables

Design variable (Unit) Range

DOC (K) 0-18

PR (-) 12-21

TIT (K) 1400 — 1700

Table 5. 5 Accuracy estimation of linear, two-factor interaction, and quadratic models

Perform Linear 2FI Quadratic
ance
factor
Pre- | Adj-R? | AP Pre- | Adj- | AP | Pre- Adj- AP
R? R? | R? R? R?
Whet 0.998 [ 0.9993 |276.7 | 0.99 | 0.9995 | 451. | 0.9999 | 1.0000 | 771.2
5
TED 0.992 [ 0.9954 |98.2 |0.98 |0.9948 | 83.1 | 0.9999 | 1.0000 | 816.9
Nex,ccpp 0.903 | 0.9367 |23.9 |0.90 |0.9564 | 24.7 | 0.9855 | 0.9979 | 95.83

Based on the selected regression model, a set of equations for each factor is derived

with the help of statistical analysis in Design Expert software, shown in Table 5. 6

Correlations derived for each objective function. These equations, in terms of actual

factors, can be used to predict each response variable (selected factor) within a given

range of design variables. Therefore, these equations are implemented for two dual

multi-objective optimizations. In this case, the two sets of objective functions are

formulated. The 1% set of objective functions consists of W,,,, (to be maximized) and

TED (to be minimized). The 2" set consists of an increment in exergetic efficiency (to

be maximized) & increment in TED (to be minimized).
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Table 5. 6 Correlations derived for each objective function

Objective function

Correlations

Whet

—513.61155 + 0.657968 x DOC — 17.05966 X PR

+0.755263 x TIT + 0.067151 X DOC X PR
+0.000056 x DOC X TIT + 0.004318

X PR X TIT — 0.000990 X DOC?
+0.028463 x PR? —0.0000431 x TIT?

TED

—273.70044 + 1.19080 x DOC — 16.93857 X PR

+ 0.750096 x TIT + 0.010232 X DOC X PR
+0.000128 x DOC X TIT — 0.004171

X PR X TIT + 0.001534 X DOC?
+0.368648 x PR? —0.000048 x TIT?

Increase in
exergetic efficiency
(%)

9.10931 + 0.427817 x DOC + 0.51112 X PR — 0.017239

X TIT + 0.009280 x DOC x PR
—0.000313 x DOC X TIT + 0.000375
X PR x TIT — 0.000636 x DOC?
—0.002561 x PR? +7.477 x107°

x TIT?

Increase in exergy
destruction (%)

—3.50385 + 0.700386 x DOC + 0.210045 x PR

+0.002232 X TIT + 0.009417 X DOC X PR
—0.000339 x DOC X TIT — 0.000134
X PR X TIT 4+ 0.000334 X DOC?

The abovementioned problem is then solved using multi-objective optimization using a

genetic algorithm (MOGA). As a result, each set has obtained Pareto optimality. While

carrying out the genetic algorithm, the following values were chosen as its parameters:

population size of 200, Pareto front population of 0.35, and crossover fraction of 0.8.

Additionally, "tournament” is considered a selection function with a size of 2, and

"intermediate" is considered a crossover function.

MOGA is a metaheuristic approach that provides a broad population of solutions that

attempts to give all possible trade-offs between two or more objective functions. As a
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result, Pareto optimality has been obtained between the two objectives. Fig. 5. 20
depicts the Pareto optimal trade-off points for W, and TED as a result of inlet air
cooling. Points A, B, and C on the Pareto curve are chosen arbitrarily to illustrate the
design variables. As one moves from A to C, the DOC and TIT decrease while the PR
increases. However, increasing the DOC increases in W,,.; but at the expense of the
exergy destruction. The increase in DOC decreases the compressor work and improves
net specific work output while simultaneously increasing the fuel intake (and, thus, total
exergy destruction), as substantiated by previous results. In order to produce the
maximum work, the parameters on point A are 16.5 K DOC, pressure ratio, and TIT of
1695.4 K, but the exergy destruction rate is also higher. Furthermore, the exergetic
efficiency of CCPP is highest at point A, i.e. 47.36%. If the cost of electricity per unit
is high, operating the CCPP on point ‘A’ may be advantageous. However, if fuel prices

are high, the destruction of exergy should not be considered acceptable.
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Fig. 5. 20 Pareto optimality between net specific work output of CCPP and total
exergy destruction

Fig. 5. 21 illustrates the Pareto front, which depicts the solutions that are the best suited

between increments in both exergetic efficiency and TED as a result of inlet air cooling
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and variation in other parameters. The curve illustrates the optimal solutions that can be
achieved when an increment in exergetic efficiency is maximized, and the
corresponding increase in TED is minimized across the entire range of design variables
that have been specified. The values of the design variables are displayed by placing
points A, B, and C in random order. Point A is located in the vicinity where the highest
increment in both factors is witnessed. The DOC at point A is 17.6 K, which is the
highest recommended considering the increase in both exergetic efficiency and TED to
be maximum, while the PR is 20.9 (close to the upper limit of PR), and the TIT is 1405.9
K (close to the lower limit of TIT). The DOC decreases continuously from point A to
point C, reaching 0 K (no cooling condition) at point C. Notably, the optimal solutions
demonstrate a negligible variation in pressure ratio and that its value is set close to the
upper limit specified. The DOC is a major decisive factor in setting the optimized
solution. Also, TIT is observed to be close to the lower limit in all solutions because
lower TIT generates lower exergy. As a result, any intermediate point can be considered
to find the optimal compromise between increased exergy destruction and increased

exergetic efficiency.
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Fig. 5. 21 Pareto optimality between increment in exergetic efficiency and exergy
destruction of CCPP
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5.8 Conventional Exergoeconomic analysis

Table 5. 7 Conventional exergoeconomic parameters of the CCPP presents the
exergoeconomic parameters derived from a conventional exergy costing analysis,
utilizing the specific settings for the pressure ratio of 15, a TIT of 1600K, and an
ambient temperature of 288K. The correlation between the cost rate of destruction and
the exergy destruction rate is conveniently apparent. The highest cost rate of exergy
destruction has been computed for the combustion chamber with 260.38 $/h which is
evident as the exergy destruction for the combustion chamber is also the highest.
Whereas, the combustion chamber has the lowest capital cost rate compared to all other
components, resulting in its little contribution to the total cost (specifically, 0.899%).
The steam turbine has the second greatest cost rate of destruction, despite having the
highest capital cost rate of 70.07 $/h among all the components in the combined cycle
power plant (CCPP) system. The combined sum of capital cost and destruction rate
amounts to 698.90 $/h, with the capital cost accounting for 36.48 % of this total. The
fuel cost rate is calculated to be 764.28 $/h, resulting in an overall cost of 1463.18 $/h
for the CCPP system.

Table 5. 7 Conventional exergoeconomic parameters of the CCPP

Component Cp ($/h) Zx ($/h) Zx + Cp ($/h) fre (%)
Comp. 24.3059 30.9160 55.2219 55.98
CcC 260.3844 2.3631 262.7475 0.899
GT 44.1623 55.5675 99.7298 55.72
HRSG 21.9545 59.7490 81.7035 73.61
ST 87.9506 70.076 158.03 44.33
Cond. 4.7758 35.4236 40.1994 88.11
FWP 0.4075 0.8625 1.2701 67.90
Overall CCPP 443.94 254.96 698.90 36.48
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Fig. 5. 22 illustrates the effect of degree of cooling on the variation in cost rates
associated to work output, investment, and exergy destruction on the different turbine
inlet temperatures and pressure ratios. After cooling the compressor inlet air, both the
work production and cost rate of work production by the CCPP system increase. In
addition to this cost, the investment and cost associated with exergy destruction also
increase. Here, the investment cost comprises capital cost and fuel cost. The results are
shown for TIT values between 1400 K and 1600 K, pressure ratios of 10 & 13, and
degrees of cooling of 12 K & 18 K. Also, the results demonstrate an increase in the cost
of work in comparison to the increment in costs of total investment and exergy
destruction. However, it should be noted that the cost of work exhibits a higher rate of
increase compared to both costs of investment and exergy destruction, regardless of the
pressure ratio and degree of cooling. In the case of a pressure ratio of 13, the 18K of
inlet air cooling reveals better gain in work cost, as well as the other two cost
increments, compared to the lower cooling of 12 K. However, the gap between an
increase in work cost and the cost associated with exergy destruction becomes more
pronounced when operating at a lower degree of cooling. Conversely, when the pressure
ratio is reduced, there is an observed increase in all types of cost rates as shown. This
relationship can be explained from a thermodynamic standpoint, as lowering the
pressure ratio results in a decrease in compressor work (leading to an increase in net

work) and an increase in fuel supply, thereby causing an increase in investment cost.
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Fig. 5. 22 Effect of turbine inlet temperature, pressure ratio and degree of cooling on
the increase in work cost, investment cost and destruction cost

5.9 Advanced exergy analysis

Following the identical operational conditions as previously established, the exergy
destruction rate of each component and the overall CCPP system have now been
segmented into avoidable and unavoidable components. Fig. 5. 23 illustrates a bar graph
that displays the proportion of avoidable and unavoidable exergy destruction rates for
each component of the CCPP system. The combustion chamber has the highest level of
unavoidable exergy destruction, amounting to 93.06%, whereas the avoidable portion
accounts for just 6.94%. The primary cause of exergy destruction stems from the
irreversibility resulting from the mixing (highly irreversible) of air and fuel, as well as
the heat transfer caused by significant temperature differentials, which appears to be an
inevitable phenomenon. The avoidable component is obtained by preventing pressure
drop within the combustion chamber and the improvement of combustion efficiency,
resulting in a reduction in fuel supply to achieve a specific turbine inlet temperature.

The components exhibiting the highest rates of avoidable exergy destruction are the
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HRSG, the air compressor, and the steam turbine, with respective fractions of 91.53%,
83.52%, and 80.78%. The avoidable exergy destruction rates are attributed to the
utilization of unavoidable settings linked to these components. The comprehensive
analysis of the CCPP system reveals that the avoidable and unavoidable components of
exergy destruction account for 25.02% and 74.98% of the total, respectively. The
avoidable component of the exergy destruction in the CCPP system is greatly impacted
by the same of steam turbine, which accounts for 31.68% of the overall avoidable

exergy destruction rate.

Fig. 5. 24 displays the effect of variation in vital operating parameters such as TIT,
pressure ratio, and degree of cooling on every component of exergy destruction rate
(unavoidable and avoidable) and total exergy destruction rate. The results were obtained
implementing TIT ranging from 1500 K to 1700 K, pressure ratios of 10 and 14, and
degrees of cooling of OK (no cooling) and 18 K. Also, the CCPP power output for these
variations is displayed in the result. As the TIT increases, both the formats of destruction
rate exhibit an increase, thereby leading to an overall increase in the total destruction
rate. The rationale behind this result is that increasing TIT will necessitate more fuel
being supplied inside the combustion chamber, and the exergy destruction in the
combustion chamber and CCPP system will ultimately increase. An additional
noticeable effect of increasing the TIT is that the rate of increase of unavoidable exergy

destruction is greater than that of avoidable exergy destruction.
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Fig. 5. 23 Avoidable and Unavoidable part of exergy destruction in several
components of CCPP

Further, the effect on the avoidable portion of each component has been seen by
changing the value of the pressure ratio, while maintaining a constant TIT of 1600K
and ambient temperature of 288K. The pressure ratio has been elevated from 10 to 14.
The contribution attributed to the gas turbine cycle exhibits an increase, but the overall
avoidable exergy destruction diminishes with an increase in pressure ratio. Furthermore,
the influence of an increase in the degree of cooling has also been emphasized.
However, it should be noted that while cooling the compressor inlet may lead to an
increase in the total avoidable exergy destruction of the CCPP system, its impact on
specific power cycles, such as the gas turbine cycle and steam turbine cycle, is minimal.
Nevertheless, it is seen that the power output of the CCPP system exhibits a rise in

response to an increase in the degree of cooling.

94



—— Total, PR=10,DOC=0K ==+d===Total, PR=14,DOC =18 K
——8— Unavoidable, PR=10,DOC =0 K *-+<--- Avoidable, PR=14, DOC =18 K
55 {{—8— Avoidable, PR=10,D0C=0K  ++*#--+ Unvoidable, PR=14, DOC =18 K
= B Tota,PR=14,DOC=0K Power output, PR=14,DOC =18 K
= B~ Avoidable, PR=14,D0C=0K Power output, PR=14,DOC=0K
50 |— B~ Unavoidable, PR=14,D0C = 0 K Power output, PR =10, DOC = 0K reerasaneserarensi

Exergy Destruction Rate (MW)
]
T

)
(=]
T

15

1qu._,.....,._,.__..._._.._.a..,._,._.._..,..,.,._,..;.._,._,..,._,._,..,..,.,-a---w---w-»-w-w-w-

(|}
5 | 1 | | 1 | 1 | |
1500 1520 1540 1560 1580 1600 1620 1640 1660 1680 1700
Turbine Inlet Temperature (K)

Fig. 5. 24 Effect of TIT, Pressure ratio, and degree of inlet air cooling on the Total,
Unavoidable, avoidable exergy destruction rate, and power output of CCPP

5.10 Advanced exergoeconomic analysis

The exergy costing approach is linked to advanced exergy analysis, which aims to
determine the cost of exergy destruction by dividing it into two components: avoidable
and unavoidable. The cost rate is linked to the destruction of exergy and the capital cost
i.e., purchase equipment cost (PEC). Table 5. 8 provides a comprehensive breakdown
of the cost factors including the total avoidable cost (C4% +Z"), total unavoidable cost
(C,g{f,g +ZYN), and the modified exergoeconomic factor (fkmodifiea)- Based on the
findings, it has been determined that the combustion chamber incurs the highest
proportion of CYV, accounting for 93.06% of the total destruction related cost rate.
Similarly, the HRSG exhibits the highest proportion of C4Y, representing 91.53% of the
avoidable cost rate of destruction. However, the overall cost of destruction has been
divided into 35.84% and 64.16% for avoidable and unavoidable conditions,
respectively. The combustion chamber incurs the highest overall cost, encompassing

both exergy destruction related cost and capital cost, in the case of unavoidable

95



conditions. Conversely, in an avoidable counterpart, the steam turbine exhibits the
highest total cost. In contrast, it is observed that the combustion chamber alone accounts
for 49.3% of the total unavoidable cost (CYN +ZYN). As a result, the modified
exergoeconomic factor is found to be highest for the condenser, with the HRSG
following closely behind. Reducing the avoidable capital cost for these two components
can contribute to a decrease in the overall avoidable cost. However, ZZY and Z£Y have
least impact on the overall cost-effectiveness of a CCPP system as fcc moaifiea @nd

st modifriea Calculated as 1.29% and 8.98%, respectively.
;modif

Table 5. 8 Advanced exergoeconomic parameters of each component of CCPP

Component | CA%($/ | CI¥ ZHV($/ny | ZN A+ N+ frmoaified

h) ($/h) ($/h) ZAV (@) | ZUN ($h) | (%)
Comp. 20.301 |4.004 |3.0916 |27.8244 |23.3931 |31.8288 |13.21
cC 18.047 |242.33 |0.2363 |2.1268 |18.2834 | 244.4641 |1.29
GT 26.921 |17.240 |11.1135 |44.4540 |38.035 61.6948 | 29.21
HRSG 20.095 |1.8590 |18.522 |41.2268 |38.6175 |43.0858 | 47.96
ST 70.983 | 16.967 |7.0076 |63.0687 | 77.99 80.036 8.98
Cond. 2.5145 |2.2613 |3.8966 |31.5270 |6.4111 33.7883 | 60.77
FWP 0.2647 |0.1429 |0.1294 |0.7332 | 0.3941 0.8761 32.83
Overall 159.13 | 284.13 |43.9972 |210.96 |203.1241 |495.78 21.66
CCPP

Fig. 5. 25 illustrates the changes in the cost parameters indicated above in response to
variations in the TIT and compressor pressure ratio. The overall cost of the system
(Zy + Cp) rises for both pressure ratios of 10 and 14 with the increase in TIT from
1450K to 1600K. It is important to highlight that the variation in the overall cost is
mostly driven by the cost of exergy destruction, C, rather than the capital cost, Z.
Furthermore, the impact of pressure ratio on the cost associated with exergy destruction
is more apparent. Also, the results demonstrate that a lower pressure ratio results in a
higher cost of destruction when compared to a higher pressure ratio. This is due to the

fact that the overall exergy destruction of CCPP increases as the compressor pressure
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ratio decreases, as demonstrated in the previous findings presented in Fig. 5. 24. When
considering avoidable destruction costs, the marginal increase in cost rates for the
unavoidable portion becomes more significant as the TIT increases. Additionally, the

impact of the pressure ratio is more evident in the unavoidable portion of destruction

costs.
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Fig. 5. 25 Effect of TIT and pressure ratio on the several components of cost rates

5.11 Exergoeconomics-based multi-objective optimization

To accomplish exergoeconomic optimization of the CCPP system, several cost and
performance aspects are considered with the purpose of minimizing or maximizing
them over the spectrum of design variables and operation parameters under study. Thus,
the optimization process involves the inclusion of two sets, each consisting of two

objectives.

The first set of considerations focuses on the capital cost and the cost of exergy
destruction as its key functions. It is imperative to minimize both the cost factors i.e.,

capital cost and the cost associated with exergy destruction. The reduced costs can be

97



attributed to an optimum compromise among different design variables. The design
variables encompass the isentropic efficiencies, the effectiveness of heat exchangers,
and losses associated with various components inside the CCPP system. The design
variables are varied from the actual conditions (as per the real cycle) to the maximum
attainable conditions (referred to as the unavoidable cycle) for the purpose of
optimization, as depicted in Table 5. 9. Another set of optimization involves
maximizing the modified exergetic efficiency and minimizing the total unavoidable cost
per unit of work production ($/h.MW) for the CCPP system as two distinct objectives.
When analysing the advanced exergoeconomics of an energy system, it is crucial to
optimize the modified exergetic efficiency, which is dependent on advanced exergy
components. Another cost aspect that needs to be minimized is the unavoidable cost per
unit of work creation. If the cost that cannot be avoided is lower, then the portion that
can be avoided will be higher, resulting in a greater potential for improvement in terms
of exergy. Also, this optimization method provides insight into the utilization of various
sets of operational parameters, such as TIT, PR, and DOC from an application

perspective.

Therefore, the correlations for capital cost and exergy destruction cost are developed as
the functions of only previously mentioned design variables (and keeping other
parameters unchanged) with the help of Design Expert software. Similarly, additional
correlations are established between total unavoidable cost per unit of work output and
modified exergetic efficiency as functions of TIT, PR, and DOC, while holding all other

variables constant.

The different types of correlations of costs (which are the functions of aforementioned
efficiencies, effectiveness, and losses) were developed using the regression models
under the statistical analysis of computed results from the MATLAB program. This
problem is then addressed through the application of multi-objective optimization
utilizing the genetic algorithm (MOGA). Consequently, every set has achieved Pareto
optimality. During the execution of the genetic algorithm, the parameters selected were
as follows: a population size of 200, a Pareto front population of 0.35, and a crossover
fraction of 0.8. Moreover, the "tournament" is considered a selection function with a

cardinality of 2, while "intermediate” is classified as a crossover function.
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Fig. 5. 26 illustrates the Pareto optimal front, which represents the trade-off between
the cost of exergy destruction and capital cost, for a given range of design variables as
specified in the table. Given that both cost factors are bound to be minimized, the
solution space is positioned to the left and underneath the Pareto optimal front. Three
arbitrary points, labelled as'A’, 'B', and 'C', are positioned on the Pareto front to evaluate
the optimized combination of design variables and other performance aspects,
specifically exergetic efficiency ( n., ) and the total cost rate. Points 'A"and 'C' represent
the two opposite ends, whereas 'B' serves as an intermediate point. At point 'A’, the
capital cost is at its highest while the cost of exergy destruction is at its lowest. However,
as moving towards point 'C', the situation gets completely reversed. However, while the
capital cost at point 'A' is at its highest, both the values of n,, and total cost also appears
to be at their maximum. Both of these parameters decrease as one moves towards point
'C'. At point 'B', the total cost is minimum, resulting in a reduction of 18.14% compared
to the same at point 'A". However, n,, at point 'B' is also lower, with a decrease of just
4.45% compared to point 'A'. The result clearly indicates that the solutions in the
vicinity of Point 'B' offer a more favourable balance between the two costs. However,
at Point 'C', the total cost is higher and n,,is lower compared to Point 'B', which is
unfavourable from a design standpoint.

Furthermore, another investigation has been conducted on the values of design
variables, as presented in Table 5. 9. It is noteworthy that among the nine design
variables considered in this study, six design variables exhibit a narrow spectrum of
variation rather than spanning over the complete range. These variables
are Nis,compr Neer Eshr BPccy Econar AN Mg pumyp. These design variables have the
following optimized ranges: 87.52-88.43%, 98.59-98.99%, 91.65-92.71%, 3.69—
4.77%, 92.57-94.41%, and 89.80-92.97%.

Given that Point 'B' provides a favourable compromise between two cost rates, the
suggested values of several design variables can be approximated as follows: 7;s comp
= 87.83%, nisqr = 89.78%, 755 = 92.60%, &g, = 91.97%, APcc= 4.31%, and
Nispump= 92.24%. The remaining three design variables are optimized close to the

upper limit of the range provided.
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Fig. 5. 26 Pareto optimality between capital cost and cost of exergy destruction
Table 5. 9 Values of design variables on points 'A’, 'B', and 'C'
Parameter Range considered for | Point ‘A’ Point ‘B’ Point ‘C’
optimization
Nis.comp 86-94% 88.43% 87.83% 87.52%
Nis,gt 88-94% 93.78% 89.78% 89.09%
Nis st 87-95% 94.96% 92.60% 88.52%
Nee 95-99% 98.99% 98.91% 98.59%
Esh 90-95% 91.65% 91.97% 92.71%
AP, 1-7% 3.69% 4.31% 4.77%
€ cond 90-95% 94.41% 94.91% 92.57%
Nhoiler 85-95% 94.98% 94.74% 85.84%
Nis pump 85-95% 92.87% 92.24% 89.80%

Over the range of TIT, PR, and DOC, Fig. 5. 27 depicts the Pareto optimality between

modified exergetic efficiency (to be maximized) and total unavoidable cost per unit of

work produced (to be minimized) by the CCPP system. The optimization ranges under

consideration for the following operational parameters: TIT (1400K-1600K), PR (11-
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14), and DOC (0-18K). The solution space for this optimization is located directly
below and to the right of the Pareto front. Points 'A’, 'B', and 'C' are considered on the
Pareto optimum front to assess the trade-offs among all the given operational
parameters. It is worth noting that the variation of PR and DOC has been spanned over
the entire specified range, whereas TIT has been optimized within a narrow range of
1548.17K to 1597.71K, which is near the upper limit. At point ‘A", the unavoidable cost
per unit power output is minimized, while the value of 7.y ;04 is also minimized.
Furthermore, the DOC value is 0.13K, indicating a negligible level of cooling.
Moreover, as one progresses from point ‘A’ to point 'C', the PR also ascends to its highest
value in the specified range. The increase in ne, ,04 and the unavoidable cost per unit
work output at point 'C' has been determined to be 5.05% and 6.02% with respect to
point 'A'. Similarly, the calculated rise in both parameters at point 'B' is 2.63% and
2.79%.
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Fig. 5. 27 Pareto front between modified exergetic efficiency and total unavoidable
cost per unit work output of CCPP plant
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CHAPTER 6

CONCLUSIONS AND SCOPE FOR FUTURE RESEARCH

6.1 Introduction

This chapter demonstrates the concluding remarks perceived from the several analyses

conducted on the CCPP system.

6.2 Double-effect VARS-integrated CCPP

The CCPP plant has undergone an analysis involving the implementation of inlet air

cooling. This process is achieved through the integration of a water-LiBr based double-

effect VARS. The analysis of the system has been conducted using energy, exergy, and

exergy-based sustainability indicators. The conclusions that can be inferred from this

study are summarized as follows:

The integration of a double-effect vapour absorption refrigeration system with the
CCPP enables an increase in specific work output and thermal efficiency by a
maximum of 5.04% and 1.64%, respectively.

To keep CIT at 288K, the VARS absorbs more heat from the HRSG's exit, as the
COP of the VARS reduces with the rise in ambient temperature. Consequently, a
reduction in the steam generation rate has been observed in the bottoming cycle.
The combustion chamber is the dominant contributor to irreversibility, accounting
for >60.32% of total irreversibility. The CCPP system with inlet air cooling is
1.23%-1.64% more exergetically efficient than a standalone CCPP plant.

After using inlet air cooling, the fuel depletion ratio and exergetic improvement
potential are found to be reduced by a maximum of 1.38% and 3.07%, respectively.
The environmental effect factor for VARS-integrated CCPP (i.e., CCPPV) has been
observed to decrease by 2.92% to 3.40%. Thus, the environmental sustainability
index is found to be enhanced.

In order to maximize the exergetic efficiency and total work output of CCPPV, the

suitable degree of inlet air cooling ranges from 8 K to 18 K.
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e Improved exergetic efficiency reduces the adverse environmental effect and

promotes the system's sustainability as a result of efficient utilization of fuel.

6.3 Component-wise parametric investigation and Multi-objective optimization
An exergy-based parametric investigation is conducted on the CCPP and its
components, followed by sensitivity analysis. Subsequently, multi-objective
optimization of the simulated model utilizing a genetic algorithm is used to obtain the
optimal value of selected parameters. The following are several conclusions outlined
from this study:

e Though a drop in compressor inlet temperature improves the energy performance of
the gas cycle, doing so with external cooling creates more irreversibilities than when
the ambient temperature naturally drops. However, the variation in the exergetic
efficiency of the gas cycle is regulated by the pressure ratio and TIT but the degree
of cooling.

e High HRSG pressure (=110 bar) improves the exergetic efficiency of HRSG when
associated with increasing TIT. Moreover, the rate of irreversibility generation in
HRSG is higher at high ambient temperatures.

e The exergetic efficiency of CCPP during inlet air cooling is equal to that of naturally
cooled ambient air for the given range of pressure ratio. Considering exergy
destruction, inlet air cooling in CCPP is more advantageous at higher TIT,
attributable to a lesser increase in exergy destruction.

e According to the sensitivity analysis, increasing the TIT enhances the exergy of the
CCPP as the efficiency defect decreases continuously within the specified range.
Moreover, increasing the pressure ratio has an insignificant effect on the gas turbine
cycle though it reduces the efficiency defect for CCPP, which relates to the
preference for a higher-pressure ratio. This analysis also indicates that increasing the
HRSG pressure is accompanied by a decreasing efficiency defect for the CCPP
system. Even though the degree of cooling has minimal impact on the individual
components of the CCPP, a very slight decrease in efficiency defect has been
observed for the CCPP as a whole. The degree of cooling is a decisive factor because

it influences the work output.
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e Using a genetic algorithm for multi-objective optimization, the optimal values of
design variables are determined and recommended. When the specific work output
IS maximized, the operating parameters DOC, pressure ratio, and TIT are 16.5 K,
12.2, and 1695.4 K, respectively, but the exergy destruction rate increases as well. If
the price per unit of electricity is high, operating in this condition could be
economically advantageous. But if this is not the case, the optimal compromise can
be found by avoiding extremes on each Pareto front. Since there is always a loss in
one objective function in return for a gain in another. A similar approach could be
used to achieve an equilibrium between exergetic efficiency and destruction rate.
Therefore, it can be attained at an intermediate point that tends to minimize the

increase in exergy destruction while maximizing the increase in exergy efficiency.

6.4 Advanced Exergoeconomic assessment and Multi-objective optimization

This study involves conducting an exergy analysis on a CCPP system, followed by an
exergy costing analysis. The exergy destruction of many components and the overall
CCPP system is split into avoidable and unavoidable portions of exergy destruction.
This split enables an assessment of the impact of different operational parameters on
the corresponding cost factors. Furthermore, the CCPP system has undergone multi-
objective optimization using GA, taking into account various objectives such as
investment cost, cost of destruction, and thermodynamic performance factors.
Additionally, the optimal fronts are acquired in order to evaluate the trade-offs that exist
between operational parameters including TIT, PR, and DOC, and various design
variables. Several noteworthy conclusions have been derived from the study, which are

outlined below:

e The combustion chamber exhibits the largest potential for improvement, as it
possesses the lowest exergetic efficiency of 74.77%, followed by the steam turbine
with an exergetic efficiency of 79.97%. Similarly, the cost of destruction is highest

in the case of the combustion chamber.

e While the sum of the costs of investment and destruction is greatest for the
combustion chamber, its capital cost reflects the lowest proportion of the total. The

steam condenser constitutes the maximum proportion, followed by the HRSG.
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e However, cooling the inlet air increases the total investment cost (which includes
both the capital cost and the cost of fuel) as well as the cost rate of work at all degrees
of cooling, the latter increases at a significantly higher rate compared to the former.
Thus, employing inlet air-cooling is economically beneficial.

¢ Under the standard settings, avoidable exergy destruction accounts for 25.02% of the
overall exergy destruction. Additionally, the HRSG exhibits the highest potential to
mitigate irreversibility generation, accounting for 91.53% of its overall
irreversibility. In contrast, the combustion chamber has the lowest potential,
contributing only 6.94% of its total irreversibility. Nonetheless, the steam turbine
accounts for the largest proportion (31.68%) of the CCPP's total avoidable exergy
destruction.

e Though, increasing the TIT increases the overall exergy destruction but its
unavoidable component increases rapidly as compared to its avoidable component.
Furthermore, when the TIT rises, the amount of avoidable exergy destruction in the
gas turbine cycle reduces, while the same in the steam cycle increases.

e The total exergy destruction rate is decreased when the PR is increased, with the
unavoidable portion experiencing a more substantial decrease than the avoidable
portion. As PR rises, the gas turbine cycle's contribution to the total avoidable exergy
destruction of CCPP increases, whereas the steam cycle's contribution decreases.

e Theavoidable cost of destruction accounts for 35.84% of the total cost of destruction.
Moreover, the combustion chamber is accountable for the highest overall
unavoidable cost, which includes both capital and destruction costs, amounting to
49.3%. The overall cost rises in association with the increase in TIT. However, the
cost of exergy destruction significantly influences this rise, rather than the capital
cost.

e When optimizing the exergoeconomics of a CCPP system, the location around an
intermediate point on the Pareto optimal front is the projected compromise between
the exergetic efficiency and the total cost. The crucial design variables around this
location approximated as 75 comp = 87.83%, 75 4¢ = 89.78%, 155 = 92.60%, &gp,

= 91.97%, APgc= 4.31%, and N pump= 92.24%.
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Based on the advanced exergoeconomic optimization of the CCPP system, the
suggested set of optimal solutions approximates the PR of 13, DOC of 10K, and TIT
of 1564K when the operational parameters are optimized to achieve improved
modified exergetic efficiency and minimized unavoidable cost per unit of power

generation.

6.5 Recommendations for future work

The findings of this study have the potential to inform the development of combined

cycle power generation systems. These results may provide designers with guidance on

how to integrate more energy-efficient systems. The analysis and optimization of CCPP

systems featuring various integrations and configurations were the focus of this study.

As outlined in the following section, the findings derived from this thesis research also

indicate a number of potential avenues for future investigation:

To enhance the performance of a CCPP system, warm ambient air to the
compressor’s inlet should be cooled.

To utilize a waste heat-powered double-effect absorption refrigeration system
instead of a mechanical refrigeration system and single effect absorption systems
to cool the warm ambient air.

To perform experimental research with the purpose of augmenting the corpus of
knowledge.

To conduct the analyses under varying climate conditions and inflation rates, while
also examining the impact of associated parameters on the optimized values.

To use advanced exergy end exergoeconomic analysis to understand the effect of
the avoidable and unavoidable parts of exergy destruction in each component and
optimize based on minimization of the avoidable exergy destruction in each
component.

To integrate the CCPP with several thermal systems like Organic Rankine cycles
for better utilization of HRSG exhaust and enhanced power production efficiency.
In order to achieve trade-offs, it is necessary to employ further optimisation
techniques such as particle swarm optimisation and ant colony approaches,

followed by a comparison.
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