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ABSTRACT

To meet the escalating electricity demand and rising fuel costs, along with notable losses in power transmission,
exploring alternative solutions is imperative. Gas turbines demonstrate high efficiency under ideal International
Organization for Standardization (ISO) conditions but face challenges during summer when ambient temperatures
reach 40°C. To enhance performance, the proposal suggests cooling inlet air by 15°C using a vapor absorption chiller
(VAC), utilizing residual exhaust gases from a combined cycle power plant (CCPP) to maximize power output.
Additionally, diverting a portion of exhaust gases to drive an organic Rankine cycle (ORC) for supplementary
power generation offers added efficiency. This integrated approach not only boosts power output but also minimizes
environmental impact by repurposing exhaust gases for additional operations. This study presents a detailed energy
and economic analysis of a modified combine cycle power plant, in Kotri, Pakistan. R600A is used as organic fuel
for the ORC while LiBr-H,O solution is used for the VAC. Two performance parameters, efficiency and energy
utilization factor, Four energetic parameters, Work output of ORC, modified CCPP, original CCPP and cooling
rate, and one economics parameter, payback period were examined under varying ambient conditions and mass
fraction of exhaust gases from outlet of a gas turbine ({r). A parametric investigation was conducted within the
temperature range of 18°C to 50°C, relative humidity between 70% and 90%, and the \ ranging from 0 to 0.3. The
findings reveal that under elevated ambient conditions (40°C, 90% humidity) with {r at 0, the Energy Utilization
Factor (EUF) exceeds 60%. However, the ORC exhibits a low work output of 100 KW alongside a high cooling load
of 29,000 kW. Conversely, the modified system demonstrates an augmented work output of approximately 81,850
KW compared to the original system’s 78,500 KW. Furthermore, the integration of this system proves advantageous
across all metrics. Additionally, the payback period of the system is contingent on ambient conditions, with lower
conditions correlating to shorter payback periods and vice versa.
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Nomenclature

EnE Energy efficiency (%)

H Specific enthalpy (kJ/kg)

h Specific enthalpy (molar) (kJ/kmol)
J Number of carbons (-)
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K Number of hydrogens (-)

LHV Molar lower heating value (kJ/kmol)

M Mass flow rate (kg/s)

M Molar mass (kg/kmol)

N Molar flow rate (kmol/s)

Occrr Natural gas heat required for electricity production in CCPP (kJ/h)
Q, Natural gas heat required for cooling Air (kJ/h)
Qore Natural gas heat required for heating Organic fuel (kJ/h)
] Specific entropy (kJ/kg K)

T putsice Ambient temperature (C)

U Overall heat transfer coefficient (kW/m?* K)

A% Volume flow rate (m?/s)

Weerr The power produced by CCPP (kW)

Werner Net power out of the topping GT-cycle (kW)
Wcerr Power produced by modified Plant (kW)

W,m,p Power required to pump the makeup Water (kW)
Wore Power produced by ORC (kW)

Greek Symbols

3 Effectiveness of heat exchanger

n Efficiency or isentropic efficiency

A Fraction of hot gasses available

i Fraction of gas turbine exhaust

z Fraction of hot gasses supply for heating and cooling
[0) Maintenance cost factor

T Specific heat ratio

1) Specific humidity

Abbreviations

ABS Absorber

AC Air compressor

CC Combustion chamber

CCPP Combined cycle power plant

CIT Compressor inlet temperature

CND Condenser

CP Condensate pump

(6(0) Coefficient of performance

DE Deaerator

EVP Evaporator

FWP Feedwater pump

GEN Generator

GT Gas turbine

GTIT Gas turbine inlet temperature

HMDFR Humidifier

HPD High-pressure drum

HPE High-pressure economizer
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HRSG Heat recovery steam generator
LMTD Log-mean temperature difference
LPE Low-pressure economizer

Mcpp Modified combined cycle power plant
ORC Organic Rankine cycle

PBP Payback Period

PP Pinch point

PR Pressure ratio

RV Refrigerant valve

SHx Solution heat exchanger

SP Solution pump

ST Steam turbine

SV Solution valve

VAC Vapor absorption cycle

1 Introduction

In Pakistan, escalating electricity demand driven by industrial expansion and population growth
has caused a notable supply-demand gap, resulting in a socio-economic crisis. This shortage primarily
stems from pricey fuel, transmission inefficiencies, and suboptimal power plant performance. Policy-
makers must address these challenges by exploring energy-efficient solutions, such as tri-generation,
regeneration, and energy recovery. CCPP, integrating gas and steam turbines, offers high efficiency and
operational flexibility, garnering considerable attention in the electricity generation sector. Numerous
experts advocate for various modifications to maintain production levels while curbing fuel con-
sumption, environmental impact, and costs [1]. Gas turbine power plants are optimized for efficiency
under ideal conditions (1 atm pressure, 15°C temperature, and 60% humidity). However, real-world
variations, especially in ambient temperature, significantly affect performance. To cool air for the
gas turbine compressor inlet at 15°C, vapor absorption refrigeration cycles are the optimal choice.
These cycles rely on moderate-temperature thermal energy instead of mechanical power. By increasing
refrigerant pressure during absorption, the cycle reduces required work input, as liquid pumping
is less demanding than vapor compression due to smaller specific volumes. This method leverages
temperature-dependent gas solubility in liquid [2]. Gas engines, despite their lower environmental
impact, typically have an efficiency of only 30%-40%, resulting in significant energy loss through
exhaust and cooling. To improve efficiency, Waste Heat Recovery (WHR) systems like the steam
Rankine Cycle (RC) and Organic Rankine Cycle (ORC) are commonly used. Each method has its
advantages and limitations. This study focuses on comparing RC and ORC for a 1000 kW gas engine,
evaluating their effectiveness in power recovery, thermal efficiency, and economic feasibility [3].

Thanganadar et al. [4] analyzed the maximum performance and cost of electricity for five
sCO, cascaded cycles, emphasizing the importance of the GT pressure ratio as a design variable
for optimizing plant performance. Results show that each sCO, Brayton cycle achieves maximum
efficiency at different GT pressure ratios, with an optimal ratio higher than the equivalent steam
Rankine cycle. A novel sCO, cycle configuration is proposed to enhance efficiency. Ehsan et al. [5]
presented a comprehensive review of heat transfer and pressure drop characteristics with supercritical
CO, in heating and cooling applications. The study evaluates convective heat transfer behavior,
pressure drop, and factors affecting heat transfer deterioration in supercritical CO,. Insights gained
from this review help in efficient thermal design and optimization of heat exchangers, which are crucial
for applications in thermal power plants.
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Erdem et al. [6] devised a dual-gas turbine concept tailored for seven distinct climate regions
in Turkey. Compared with typical annual production in hot regions, power generation losses range
from approximately 2.88% to 0.71%. When temperatures surpass 15 degrees Celsius, all regions
experience power production declines, ranging from 1.67% to 7.22%, contingent on the region. Their
analysis revealed that lowering the inlet temperature by up to 10 degrees Celsius could enhance power
generation by 0.27% to 10.28%. Santos et al. [7] introduced a gas turbine thermodynamic model to
analyze power output, heat rate, and thermal efficiency across different inlet air temperatures. They
explored various intake conditions, incorporating evaporative and absorption chillers based on relative
humidity and inlet temperature. Their findings indicate that, for extremely high temperatures with
low relative humidity, where substantial temperature reduction is needed, the chiller emerges as the
preferred cooling method. Porumb et al. [8] conducted a numerical analysis investigating the impact of
operating conditions on the performance of a LiBr-H,O solar absorption chiller. Their study revealed
the correlation between the coefficient of performance and crystallization conditions of the chiller
with the temperatures of the solar hot water, cold water, and cooling water.

Darwish Ahmad et al. [9] utilized an engineering equation solver to simulate a plant, comparing
the results with real-world data from a power plant. They incorporated input air cooling methods
including absorption and mechanical chillers of the cascade type, along with a CSP system. This
approach led to a 22.8% increase in power, a 4.3% improvement in efficiency, and an 8.4% reduction
in specific fuel consumption (SFC) compared to the real power plant. Ridha et al. [10] performed a
thermodynamic assessment of a combined heat and power system integrating a gas turbine (GT),
a heat exchanger (HX1), and an ORC. By comparing two models using ASPEN Plus software,
they demonstrated that the combined system achieves notably higher thermal efficiency (51.55%)
in contrast to standalone GT efficiency (21%). Elevating the GT pressure ratio enhances net power
output and efficiency while decreasing thermal energy rejected to the environment. Khan et al. [11]
conducted a parametric analysis to optimize combined cycle performance, focusing on the bypass
valve. Their findings show substantial improvements in network output and net efficiency with increas-
ing turbine inlet temperature. Moreover, the study recommends optimizing bypass valve operation
based on compression ratio values. Njoku et al. [12] conducted studies that highlight the benefits of
integrating ORC and absorption refrigeration cycles (ARC) with CCPP using flue gas exhaust heat.
This integration improved net power output by 9.1%, thermal efficiency by 8.7%, exergy efficiency by
8.8%, and sustainability by 8.4%, while reducing exergy destruction and fuel consumption by 13.3%
and 8.4%. These enhancements demonstrate significant efficiency and environmental sustainability
improvements over traditional CCPPs. The novelty of this study lies in its innovative approach to
integrating an ORC and a VAC with a CCPP in Kotri, Pakistan, to address the country’s power outages.
Unlike previous studies, this research also utilizes | for the ORC and VAC integration, effectively
catering to higher ambient conditions and increased demand. Additionally, this study incorporates
an economic analysis to evaluate the feasibility of this integration in Pakistan’s context, providing a
comprehensive assessment of both the technical and economic benefits.

2 System Description

The concept of a modified system of an original CCPP at Kotri, Pakistan is shown in Fig. 1. The
original plant has a total installed capacity of 144 MW, with four 25 MW GT units and HSRG units
topping a 44 MW ST cycle with four HSRG units. The primary CCPP, VAC, and ORC are all part of
the modified system. Waste heat from the stack is used to provide heating for the ORC and cooling
for the VAC. To improve the heating and cooling abilities when the demand is high and the outside air
is warm, { from the GT units is diverted to join the stack gas flow.
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Figure 1: Schematics of modified system CCPP

The heating system and the cooling system are supplied by two separate streams of hot gas. The
mass flow rate of hot gas is controlled by dampers to achieve the required mass fractions and to meet
the changing needs of heating and cooling. The ORC receives some of the warm gases (1—&), which
heat the organic fluid and vaporize it to drive the turbine to generate electric power. A portion of the
hot gases & is delivered to the VARC’s generator, which runs the refrigeration cycle, which cools the
humidifier and cools the air compressor’s incoming air to 15 degrees Celsius.

The cooled air is non-isentropically compressed to greater pressure in the GT cycle and T-S
diagram of GT is shown in Fig. 2. The combustion chamber uses high-pressure, high-temperature
air to burn the fuel. The combustors of the power plant have a can-annular design, which allows the
gases from combustion to leave with a pressure drop of around 5% (power plant officials said the drop
was between 2% and 8%). The hot gases from combustion then go to the turbine, where they are non-
isentropically expanded and generate power for the turbine. A part of the turbine’s output runs the
compressor. The GT units’ exhaust gases are sent to the HRSG for the generation of the mainstream,
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which is then expanded in ST to provide extra W_ ST. ST works on the principle of Rankine cycle
and the T-S diagram of Rankine cycle is shown in Fig. 3. The steam goes to a CND after expanding,
where it becomes liquid and is sent to a DE by a CP for deaeration and preheating with low-pressure
economizer combustion gases. The FWP then pumps the feedwater to a high-pressure storage tank.
HPE is used before the EV and SH generate saturated and superheated steam [13]. The system is cooled
by a single-effect VAR cycle with a LiBr-H,O working solution and a regenerator. The cooling cycle
has high pressure in the generator and condenser, and low pressure in the evaporator and absorber.
The rich solution is heated by hot gas in the generator, which makes the refrigerant (H,O) vapors rise.
The hot gas is then released into the air, while the refrigerant cools down in the condenser before taking
heat from the chilled water in the evaporator. The refrigerant goes to the absorber, where it mixes with
the absorbent LiBr, creating a refrigerant-rich LiBr-H,O solution. The absorber is cooled to increase
H,O absorption in the LiBr because the temperature and the amount of H,O that can dissolve in
LiBr are inversely proportional. The rich solution is moved to the generator (regenerator) by a heat
exchanger. The generator separates most of the refrigerant, and the hot weak solution goes through
a regenerator, which heats the cold, rich solution that comes from the pump to the regenerator. The
weak solution is then reduced to absorber conditions. Organic fluid, heating system, steam turbine,
condenser, and solution pump comprise the ORC. The hot gas fraction enters the heating system,
where it transfers heat to the organic fluid before being liberated into the atmosphere. The organic
fluid expands at high pressures and temperatures in the steam turbine, causing rotational motion. The
shaft is attached to the generator, which generates electricity. The low-pressure fluid passes through the
condenser, transferring its heat to the cooling water and leaving it at a low temperature and pressure,
which then passes through the pump, increasing the pressure [14]. Tozer et al. [15] emphasized the
significance of temperature-entropy (T-S) diagrams in quantifying thermodynamic processes. While
generalized T-S diagrams have been applied to various absorption cycles, specific diagrams tailored for
LiBr/water systems are lacking. Their paper addresses this gap by extending the T-S diagram of water
to include curves representing real and ideal LiBr/water absorption cycles. T-S diagram of LiBr/water
VAC is shown in Fig. 4 [16].
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Figure 2: T-S diagram of gas turbine
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Figure 4: T-S diagram of LiBr/water VAC. Reprinted from Reference [16]

3 Mathematical Modelling

Mathematical modeling plays a very important role in designing and controlling new systems and
existing systems, respectively, it helps us to estimate the outcomes of the systems working on different
conditions and helps us to figure out the optimum design parameters and conditions.

This paper presents a detailed discussion of the thermodynamic and economic models of each

component of the proposed system, based on the first and second laws of thermodynamics and the
investment and operating costs.

3.1 Model Assumptions
In Table A1, the assumptions to model the modified CCPP with VAC and ORC are shown which
are taken from [17].
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3.2 Thermodynamic Modelling
To predict various properties of the system under different operating conditions such as enthalpies,
entropies, mass flow rate, etc., varying temperatures and atmospheric pressure, etc.

It is widely used in power generation systems, for modeling the different power plants to study
their behavior on different operating conditions which helps to predict the optimum conditions and
needs of the system at a particular place. Thermodynamic modeling involves the first law and the
second law of thermodynamics, every component of the proposed system is modeled accordingly to
obey both laws.

The equation of the first law of thermodynamics is mass balance.
(3 i = > siton) (M

The equations of the second law of thermodynamics are

Energy balance
Q _ W + ZEM X hin == ZEOM X hOur (2)

3.2.1 Combined Cycle Power Plant

Applying the above Eqs. (1) and (2) on all the components of the CCPP, we get the relation of
individual components which are listed in Table A2.

The mass flow rate of cooling water in the condenser of CCPP can be calculated as

: m,(hig — hiy)

"= Sy — ) ©
The net power outputs of different units in CCPP can be calculated as

GT-units Wep = 4 x (Wer — W) 4)

ST-unit W, = Wer — Wep — Wiy (5)

CCPPvcerr = Worn + Wit (6)
The amount of heat transferred to the CCPP can be calculated as

Or.ccrr =4 x 11y (LHV) (7)
The energy efficiency of CCPP can be calculated as

EnEccrr = (Weerr/ Qr.corr) (8)

3.2.2 Vapor Absorption Chiller

Applying above Eqs. (1) and (2) on all the components of the VAC, we get the relation of the
individual components which are listed in Table A3

The coefficient of performance (COP) VAC is the ratio of the amount of heat removed into the
evaporator by the refrigerant to the amount of heat given in the generator plus the work consumed by
the solution pump to pump the LiBr and water solution from the VAC absorber into the generator.
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Which can be calculated as

cop= Qv ©)

Qg('n + I/I/sp,VAC
3.2.3 Organic Rankine Cycle

Applying the above Eqs. (1) and (2) on all the components of the ORC, we get the relation of
individual components which are listed in Table A4.

The ORC pump used the work from the ORC steam turbine to pump the organic fluid, so the net
power output of ORC can be calculated as

WORC‘net = ' turb,out ~ WFP (10)

The heat from the gas turbine’s exhaust gases is transferred to the organic fluid by the ORC
evaporator, which allows the calculation of the as

ORC’s thermal efficiency
WORC net

Ninorc = =
Orvr ore

(11)

The net power output of the proposed system is the sum of all gas turbines, steam turbines, and
ORC net power output. Which can be calculated as

Wﬂodiﬁed = WST,nel + WGT,ne/ + WORC,HL’I (12)

The energy utilization factor (EUF) is the ratio of the total useful amount of work to the total
amount of work, which shows how much percent of total energy is converted into useful work. This
can be calculated as

EUF = WSTnel + WGTJiel + WORC,nez + Qevap

(13)

QF,CCPP

3.3 Economic Modelling

The economic modeling of modified systems is discussed in detail. To predict the different
economic aspects such as the payback period at varying operating conditions.

3.3.1 Vapor Absorption Chiller

The cost functions are used to determine the purchase equipment cost (PEC) for each component
of VAC. These functions are defined as the function of power and heat exchanger areas, which are
listed in Tables A5 and Ao6.

Total purchase equipment cost can be calculated as
PECTOTAL = PECGEN + PECABS + PECCND + PECEVAP + PECSP + PECSV + PECHMDFR
+ PECRV + PECCT, CND + PECCT,ABS (14)
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3.3.2 Organic Rankine Cycle

The levelized cost for ORC can be defined as the ratio of the total annual cost to the total power
output of the ORC. Can be calculated as

¢ _ (TCC+ ¥COM,) +CRF (USD)
T (N* 1/'VORC,net) KWh
where TCC and COM are the total capital cost and operating & maintenance cost of the ORC,

respectively, whereas N is the number of operating hours in the year and CRF is the total cost recovery
factor. Which is calculated as

(15)

r(l +r)"
CRF = —————— 16
14 —1 (16)
TCC is calculated as
TCC = > ICC,(USD) (17)

The cost functions are used to determine the investment capital cost (ICC) for each component of
ORC. These functions are defined as the function of power and heat exchanger areas, which are listed
in Table A7. Whereas ¢ is the maintenance cost factor.

3.4 Model Validation

Results from the current study are compared with those from the literature review to validate the
model of the modified CCPP with VAC and ORC, and the percent error acquired from the comparison
is employed which is shown in Fig. 5. The system addressed in this paper is a composite of many
systems, including CCPP, VAC, and ORC. As a result, each system is independently validated. The
results of the CCPP model in this study are compared with the results of the CCPP model in [12].

Efficiency ( CIT=288K, TIT= 1200K, PR=12)

S0.00%

45.00% 42.80% 43.04%

40.00%

0.24%
Modified CCPP Memon AG ERROR

Figure 5: Model validation

4 Scope and Objectives

The scope of this research is to modify an existing CCPP to utilize its maximum potential to meet
the high electrical demands in the summer which should be economic at the same time. In doing so,
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we will operate the gas turbine under standard conditions and evaluate its performance on different
parameters. The objectives of the study are as follows:

1) To develop energy and economic models of modified combined cycles.

2) To conduct parametric-based energy and economic analysis of the modified combined cycle
under varying ambient conditions (Temperature, Relative Humidity) and .

5 Energy Equation Solver (EES)

The thermodynamic and economic model of the system will be formulated within the Energy
Equation Solver (EES) software, leveraging foundational thermodynamic principles such as the
First Law of Thermodynamics, energy equation, and mass balance equations. Additionally, essential
economic equations, including the total cost function and payback period equations, will be integrated
into the model.

Following model development, parametric analysis will be executed utilizing the EES software to
assess the system’s performance, energy parameters, and economic indicators under varying ambient
conditions. This analytical approach will provide detailed insights into how fluctuations in ambient
conditions impact the system’s thermodynamic efficiency, operational robustness, and economic
feasibility.

6 Result and Discussions

This section presents a detailed discussion of the study’s results. The performance, energy outputs,
and PBP of the proposed system at various ambient conditions and the mass fraction of the exhaust
gases from the gas turbine exit have been evaluated.

The modified system’s operational parameters are constrained to analyze the consequences and
are given in Table A8. Also, thermodynamics parameters of main components are given in Table A9.

6.1 Effects on Fraction of Hot Gases for Cooling and Heating
6.1.1 Ambient Conditions

& represents the proportion of exhaust gas mass directed into the VAC’s generator to heat the
lithium bromide solution, facilitating the separation of water. This water then enters the condenser to
act as a refrigerant in the VAC. The range of & spans from zero to one: a higher £ indicates a larger
portion of exhaust gas mass allocated to the VAC, with the remainder (1—£) channeled into the ORC
for supplementary power generation, and vice versa.

In Figs. 6 and 7, graphs depicting the relationship between & and Toutside are presented. It’s
evident that as ambient temperature rises, & also increases. This is due to the heightened cooling
load necessitating greater heat input to the generator for maintaining system operation at a target
temperature of 15°C. Consequently, a larger fraction of exhaust gases are directed towards the
VAC, while the remaining fraction (1—¢&) is routed to the ORC. Conversely, during lower outside
temperatures such as in winter, & decreases as the cooling load diminishes, requiring a smaller fraction
of exhaust gases. In this scenario, a larger proportion is directed towards the ORC to generate
additional power output.



3106 EE, 2024, vol.121, no.11

v=0
1.5 1.5

.

m 0.5
—Oo—=09[-1.&

0.5

1-¢

/;

D=0.9[-],1-¢
—B—D=08[-],1-¢
®=0.7[-],1-&
-0.5 0.5
290 300 310 320
Toutside [K]

Figure 6: Graphs between &, (1—£&) and Toutside at ¢ =0

/

i
/
\

®=09[-1,1¢
—E—0=08[-],1-¢
®=0.7[-1,1¢

0 0
290 300 310 320
Toutside [K]

Figure 7: Graphs between &, (1—£&) and Toutside at |y = 0.3

0.5 > 0.5
<
—O0—d=09[-],& ~
——d=0.8[-].&
——=07[-],& I\

6.1.2 Mass Fraction of Exhaust Gases

The essence of { lies in quantifying the additional energy needed to fulfill the cooling demand.
In situations of elevated ambient conditions, the cooling load of the VAC exceeds the capacity of the
energy remaining at the exhaust of the stack. Consequently, a fraction of { becomes imperative to
meet the operational demand, given its heightened energy density relative to the stack exhaust gases.

Plotting the graph between the values of &€ and s serves to scrutinize the physical viability of the
proposed system. The observed trend illustrates that as the fraction of exhaust gases s escalates, the
value of &€ diminishes under comparable ambient conditions. This implies that meeting the operational
requirements of the system at higher ambient temperatures necessitates either increasing {» through
a control valve or simply disconnecting the ORC, the detailed impacts of which are discussed in
Section 6.2. Additionally, in Fig. 6, it is discerned that when { is 0 and the outside temperature is
320 K with a relative humidity of 90%, the value of 1—¢& falls below zero, which contravenes the
idea of the physical application of the proposed system because according to the second law of
thermodynamics, this suggests that the ORC must perform work on the system to meet the cooling
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load. Conversely, in Fig. 7, as 1\ increases to 0.15 under the same ambient conditions, the value of
1—& reaches zero, indicating that the ORC will be disconnected. It is concluded that at high ambient
conditions, to operate the system it is mandatory to utilize the .

6.2 Effects on Performance
6.2.1 Ambient Conditions

To assess the performance of the modified system, both the Energy Utilization Factor (EUF) and
the efficiency of the system are taken into consideration. The system’s efficiency, defined as the ratio
of total power output to the supplied heat energy, is compared with that of the original system located
in Kotri. This comparative analysis aims to scrutinize the practical feasibility of the proposed concept.

In Figs. 8 and 9, graphs illustrating the relationship between Toutside and system performance
reveal that as Toutside increases, the efficiency of the original system decreases. This is attributed to
the decrease in air density with rising temperature, causing the gas turbine’s air compressor to require
more energy to compress the same volume of air due to fixed compressor volume. Conversely, the
efficiency of the proposed system is notably higher, aligning with the study’s concept. Furthermore,
the efficiency of the modified system remains constant as it operates at a fixed temperature of 15°C.

PERFORMANCE (¥=0)

60 50
—O—EUF [%].0=0.9[] —X—ENEccpp modiified [%]
—0—EUF [%),0=0.8[-] —M—ENECepp original (%] /D/
—A—EUF [%],0=0.7[-] /
—
/ 1)
9 ® B/ — ®E
= — ?_5
=2 X > > > > > — 3}
w42 44 W
c
I1T]
e _—>
\N\"\N\
36 i o 42
e
30 40
290 295 300 305 310 315

Toutside [K]

Figure 8: Graphs between performance and Toutside at ¢ = 0

The Energy Utilization Factor (EUF) of a system, defined as the ratio of all useful energy output
to the supplied energy in terms of fuel, indicates the percentage of energy utilized during the cycle. The
EUF of the proposed system increases with higher ambient conditions. This is because the modified
system initially cools the ambient air to 15°C, utilizing energy from exhaust gases expelled from the
stack and gas turbine outlet. As Toutside rises, the cooling load increases, requiring more energy
to achieve the 15°C cooling target compared to lower Toutside conditions. The remaining exhaust
gases, after meeting the cooling demand, are then utilized in the ORC. Consequently, the EUF of
the proposed system consistently surpasses that of the original system and increases with ambient
conditions, reflecting the system’s utilization of exhaust gases for various purposes at the expense of
the same fuel energy.
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Figure 9: Graphs between performance and Toutside at { = 0.1

From an environmental standpoint, the results are highly significant, as the proposed system yields
exhaust gases with lower energy content compared to the original system in the environment, thereby
supporting the study’s underlying concept.

6.2.2 Mass Fraction of Exhaust Gases

The concept of W is elaborated upon in Section 6.1.2. In Figs. & and 9, graphs depicting the
relationship between Toutside and system performance at various values of W demonstrate that as
W increases, the efficiency of the modified system decreases, and vice versa. This phenomenon is
elucidated in Section 6.1.2, where W is utilized during peak demands, and its value escalates with
ambient conditions. When a greater portion of high-energy exhaust from the gas turbine outlet
is diverted to work in the VAC to meet cooling demands, the flow rate for the HRSG decreases,
consequently the decrease in the overall efficiency of the modified CCPP.

Furthermore, the Energy Utilization Factor (EUF) is unaffected by W but solely influenced by
ambient conditions. This section serves to provide a concise overview of the modifications in terms
of performance. The comparison indicates that the modified system exhibits greater efficiency than
the original system, irrespective of ambient conditions and the value of W. This finding supports the
notion of the physical viability of the proposed system.

6.3 Effects on Energy Outputs
6.3.1 Ambient Conditions

The primary objective of the energy output graphs is to determine the optimal operational
conditions for the system, ensuring the most efficient meeting of energy demands. This section

extensively discusses the effects of ambient conditions on the system’s energy outputs. So far, we have
examined how ambient conditions influence various parameters, supporting the physical viability and
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necessity of the system. Energy outputs are paramount in discussions regarding power generation,
and the research gap addressed in this study aims to propose a system capable of efficiently and

economically meeting peak energy demands.

In Figs. 10-13, it is evident that irrespective of ambient conditions, the work outputs of the
proposed system’s CCPP consistently surpass those of the original system under similar conditions.
Furthermore, the total output of the proposed system, comprising the modified CCPP and the ORC
work output, consistently exceeds that of the original system. This indicates the feasibility of cooling
the air to 15°C for the gas turbine with the aid of a VAC and operating the ORC using the CCPP

exhaust to meet energy requirements.
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Figure 11: Graphs between energy outputs and Toutside at | = 0.1
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Figure 13: Graphs between energy outputs and Toutside at | = 0.1

Moreover, ambient conditions also affect additional outputs, namely the cooling load and work
output of the ORC. The relationship between the cooling load of the VAC and the power output of
the ORC in the modified system is inversely proportional; as ambient conditions increase, the cooling
load rises while the ORC’s power output decreases, and vice versa. This phenomenon arises from the
primary focus of the study on air cooling. Physically, when the thermosets of the modified system
sense ambient temperature, the control valve regulating the value of & adjusts automatically according
to the cooling requirements. If the value of & is adequate to meet the cooling demand, any surplus is
directed toward the ORC. However, if £ falls short, the system automatically adjusts the control valve
of W. Further, the after-effects of the W is discussed in Section 6.3.2.
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6.3.2 Mass Fraction of Exhaust Gases

As discussed, the significance of the { value lies in determining the optimal operational param-
eters of the system to fulfill the energy requirements. Figs. 10-13 indicate that the {r value has no
discernible impact on cooling load. However, it does exhibit an inversely proportional relationship
with the power outputs of the CCPP and directly with the power output of the ORC. Lower { values
correspond to higher power output from the CCPP and lower power output of ORC, and vice versa.

In practice, increasing the { value is typically not the primary choice. As depicted in Figs. 11 and
13, raising the { value can lead to a decrease in the CCPP’s power output, even below that of the
original system. However, the overall power output increases due to the enhanced power output of the
ORC. While this technically validates the necessity of the proposed system, the marginal difference may
render the system uneconomical to operate with these modifications. This aspect is further elaborated
in Section 6.4.

6.4 Effects on Economics
6.4.1 Ambient Conditions

The correlation arises from the fundamental calculation of the payback period, which compares
the total system cost to the additional savings it generates. IFigs. 14 and 15 depict the relationship
between ambient conditions, equipment cost, and the payback period. Higher ambient conditions cor-
respond to a higher system cost. This phenomenon occurs because, with rising outside temperatures,
a larger heat exchanger area is required for efficient heat transfer, consequently increasing the total
system cost. This increase is significantly influenced by the cost equations used for analysis, where the
heat exchanger area plays a crucial role.
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Figure 14: Graphs between economic data and Toutside at = 0
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Figure 15: Graphs between economic data and Toutside at ¢ = 0.1

Moreover, the increase in outside temperature leads to a reduction in the work output of the ORC,
as discussed previously. This decrease in work output results in diminished additional power savings,
causing an increase in the payback period. However, according to the results, the payback period
decreases with temperature. This occurs because, technically, at higher temperatures, the gas turbine
does not work efficiently (which is the research gap of the study). Consequently, the original system
will produce less power than it would under lower ambient conditions.

Furthermore, the proposed system’s gas turbine always operates at 288 K regardless of ambient
conditions, resulting in a greater power output than the original system. Due to the increase in
the difference in power outputs between the original and proposed systems with changing ambient
conditions, the payback period of the system starts decreasing with higher ambient conditions,
regardless of the decrease in the ORC power output.

6.4.2 Mass Fraction of Exhaust Gases

In this section, we delve into the impact of the variable ¢ on both the payback period and
equipment costs, crucial considerations for practical viability and economic operation of the system.
Firstly, as previously discussed, equipment costs increase with ambient conditions, but they also rise
with higher values of . This is attributed to the inclusion of the ORC in equipment costs, which is
influenced by the area of the heat exchanger. In Section 6.1.2, a higher {s value directs more residual
energy towards the ORC, necessitating larger heat exchanger areas to facilitate heat transfer, thereby
elevating overall equipment costs.

Furthermore, as discussed earlier, increasing {r yields positive results in terms of system perfor-
mance and energy outputs, endorsing the proposed system. However, from an economic standpoint,
raising s is not advisable. In practical terms, when exhaust gases are extracted from the gas turbine
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outlet to power the VAC and ORC and fulfill ambient demand, it comes at the expense of decreased
power output from the CCPP. Utilizing energy from the gas turbine outlet leaves less energy available
to operate the steam turbine, resulting in lower power generation and decreased CCPP output.
Consequently, the reduced disparity between the original system and the proposed system’s power
output leads to an extended payback period.

7 Conclusions

This paper discusses the energy, economic, and performance analysis of a modified CCPP with
ORC and VAC to cool the ambient air to meet the design conditions of the gas turbine and generate
additional power. Parametric studies have been carried out on varying ambient conditions and
fractions of exhaust gases from the outlet of the gas turbine. An engineering equation solver (EES) is
used to model the system. Results are validated and a comparison is carried out between energy outputs
and performance of the original system with the modified system. Moreover, the effects on PBP are
also disused on varying ambient conditions and with different values {y. The important findings are
summarized as follows:

e Through the modification, there is an overall increase in the system’s efficiency which depends
on the operating conditions.

e At the higher ambient conditions the performance of the original system is decreased whereas
the modified system always works at 15°C so the efficiency remains constant and the overall
energy utilization factor (EUF) increases and vice versa.

e The value of { lies between 0-1, the higher the value higher the mass fraction from the gas
turbine outlet is routed towards VAC and ORC. With increasing the value of \{ the efficiency
of the modified system becomes lower than at low values of .

e Energy outputs vary with operating conditions, as discussed above the modified plant output is
more than the original one at higher ambient conditions, and Kotri’s average temperature value
is around 30 C. so the modified system will work more effectively otherwise at high peak loads
and demands value of should be adjusted accordingly .

e The payback period and equipment cost of the system are subject to variation based on
operating conditions. It’s notable that in certain ambient conditions, opting for higher values
of ¥ to fulfill heightened electrical demands isn’t economically justified. This is primarily due
to the resultant increase in equipment costs and elongated payback periods for the system.
Therefore, the utilization of 1 should be regarded as a final option, to be considered only after
exploring other options.

8 Future Scope and Limitation

After conducting a comprehensive analysis, it has been determined that the system shows promise
for areas with environmental conditions akin to Kotri, Pakistan. However, regions facing extreme
weather patterns may require alterations in the system’s design, a consideration that was not explored
in the current study.

Furthermore, it has been noted that during periods of high temperatures, the system’s performance
heavily relies on the parameter {r, which directly influences the power generation of the CCPP.
In light of this, employing artificial intelligence (AI) to design an artificial neural network for the
system could prove beneficial. By training the system on various ambient conditions and values of ,
optimal operating conditions can be achieved. A technically sound approach involves implementing
an adaptive design capable of adjusting to ambient conditions. For instance, when the ambient
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temperature drops to or below 15°C, the system should deactivate the VAC and prioritize directing
maximum exhaust energy towards operating ORC to enhance power output and meet demand
requirements.

As for prospects, it is recommended to conduct an environmental analysis of the system to
ascertain the energy content in the exhaust emissions. This analysis could reveal opportunities
for integrating additional equipment to enhance the overall output of the system and improve its
environmental impact.

For future endeavors, particularly in industrial applications, it’s advisable to undertake the design
and analysis of the proposed system tailored to specific cities, taking into account their unique
ambient conditions. The objective would be to determine optimal operating conditions under various
circumstances to economically fulfill energy demands. Such a design should encompass crucial aspects
including working parameters, equipment costs, payback periods, environmental impacts, and more.
By conducting comprehensive analyses tailored to specific locations, it becomes possible to devise
systems that are not only efficient but also economically viable and environmentally sustainable.
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Appendix A

Table A1l: Modeling assumptions

1. The air and combustion gas contents follow the ideal gas behavior and the system

component works at a steady state.

Pure methane (CH,) is the model for natural gas, which combusts fully.

The fluid streams keep their kinetic energy and potential energy constant.

The dead-state condition is at 101.325 kPa and 298 K.

The combustion chamber, the regenerator (where air flows) and the regenerator (where

gas flows) experience a 5%, 5%, and 3% decrease in pressure, respectively.

6. For the air compressors, gas turbines, steam turbines, and pumps, the isentropic efficiency

is 85%, 88%, 85%, and 90%, respectively.

7. A 2% heat transfer occurs in the combustion chamber and HRSG, while no heat transfer

occurs in the other system components.

Molar air composition is 77.48% N,, 20.59% O,, 0.03% CO, and 1.90% H,O.

9. A 30 K difference in temperature exists between the GT exhaust and the superheated

steam.

10. The cooling water’s temperature drops by 15 K as it passes through the condenser.

11. The environment around the heat exchangers/air conditioning units has a negligible effect
on their heat exchange

12. The heat exchangers and the piping have a negligible effect on the pressure loss due to
friction.

13. In the VAR system, the main components have the following temperatures: The generator
has 90°C, the absorber has 40°C, the condenser has 40°C, and the evaporator has 2°C.

14. At the exit of the condenser and the evaporator, the refrigerant (H,O) is in a state of
saturation.

15. The cooling water’s temperature drops by 5°C as it passes through the condenser and the
absorber.

16. The effectiveness of SHy 1s 0.75.

17. Isentropic efficiency of ORC turbine, 1, (0.85).

18. Isentropic efficiency of ORC pump, 1, (0.80).

kv

(o]
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Table A2: Energy model equation for main components of CCPP

Component Energy model equation
Air compressor Wac = 1, (hy — hy)
Combustion chamber Occ = EN, (h}‘i +h— z") — YN, (h} +h— EO) = (0.02) A (LHV),
. . )
Gas turbine Wer = M, (hy — hy)
HRSG vy (7 — hyg) = m,(1 — ) (hy — hs) (1 — HLygse)
Z (his — hys) = mg(l — ) (hs — he) (1 — HL yzs6)
Z (his — hy) = mg(l — ) (he — hy) (1 — HL ygs6)

(%) (hys —hyy) = ”hg(l — V) (s = hs) (1 = HLyrsg)

Steam turbine Wer = g (hy — hyp)
Steam condenser Ocnp = hig (hyy — hyy)
Pumps Wewp = Mg (Mg — hy3) Wep = ting (hyy — hyy)

Table A3: Energy model and mass balance equations for main components of VAC

Component Energy model equation Mass balance equations
Generator O, = Myl + Myhy; — Mgl My + My; = Mg

. Ty —T.
Solution heat exchanger Egpy = ———2

Ty — Ty

Condenser QC - mZo(hQO - h2|) mz() = My,
Absorber Q. = Myly + Myshyy — Myl My = My + Ny
Evaporator 0. = my, (hy; — hy) My, = Ny

Psychometric of air

Condensate QCWC = (matom/ * (ha\u}l - hav,32) —m, * hC)
e = My ¥ (031 — @3)
Humldlfier QHumidiﬁ(’r = Mjs * (h35 - h36)

Table A4: Energy model equations for main components of ORC

Components Energy model equation
Steam turblne V'VST = mORC (h74 —_— h75)

Condenser Ocvp = More (hys — hag)
Evaporator Opoap = More (hyy — hy)

Pump Wewp = Woge (N7 — hi7)
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Table AS: Economic model equations for heat exchangers VAC

Heat exchangers U-value LMTD expressions
(T — Tis) — (T — T'y)

1 (T71_T21)
n{f ———
T}O_ T27

(Ty — Ty) — (T — Ty)

GEN 0.90 LMTDy; =

ABS 0.79 LMTD,s = (T29 - T37)
Inf ——
Ty — Ty

Ty — Ty) — (T — T

CND VAC 1.10 LMD, = L= T = (Tn = 1)
(TZl - T33)
In{——=
T20 - T34

Ty — Ty) — (Tys— T

EVP VAC 1.20 LMTD,, = L= Tw) = (Tss = T)
(T36 - T22)
In{ ——
T35 - T23

Ty — Tos) — (T, — T

SHx 0.20 LMTD,, = T~ 1) = (I = Ta)
1 (TZS_ T25)
n R
T27 - T26

Ty — Ty) — (Ts — T

HMDFR 0.60 LMTDy, = L= T = (T = T

(T32 - T36)
In{ —
T31 — T35

Table A6: Model equations for estimation of the Purchased Equipment Cost (PEC) of cooling systems

Purchased-equipment cost of heat exchangers
PECyy =3, C % CF % A
A= —2 ()
U, « LMTD,
Purchased-equipment cost of valves
PECg, = 114.5 % myg
PECy, = 114.5 x my,
Purchased-equipment cost of solution pumps
PECq, = Csp % CF # (0.01 % W)
Purchased-equipment cost of cooling towers for absorber and condenser of VAC

PECepips = T46 % 1t 4 70.5 % O yps % (—0.6936 «In (TCW,ABS —T,,,h) + 2.1898)
PECeronpinn = T46 % ity + 70.5 % Ocxpian * (—0.6936 +1In (TCW,CND(M _ b) + 2.1898)

Total purchased equipment cost of cooling systems
PECC = PECHX + PECSV + PECRV + PECSP + PECCTABS + PECCTCND(VAR)
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Table A7: Economic data and ICC functions for ORC

Economic terms

Value

N

r

n

¢

Cost functions
Component
Steam turbine
Condenser
Evaporator
Pump

8760 % 0.6 = 5256 h

12% (Trading Economics, 2016)

15 years

0.25

Investment capital cost function, USD COM, USD
ICCorer = 4750 % (Woge)"™ ¢ % ICCorcr
ICCexpy = 150 % (A cyp)”® ¢ * ICCeyps

ICChyp = 150 % (AEVAP)Olg @ * ICChpyyp

ICCFP - 3500* (".VFP)O-47

¢ % ICC,,

Table A8: Bound for the operating parameters

Operating parameters

Bounds

v (-)
£(-)
GTIT (K)
CIT (K)
GPR (-)
Worn (kW)
CD32 (_)

0-0.1
0-1
1200
288

12
60,000
100%

Table A9: Thermodynamics parameters of main components

3119

Thermodynamic parameters

Values

Gas turbine

Inlet: T, P

Outlet: T, P

Steam turbine
Inlet: T, P, H
Outlet: T, P, H
ORC evaporator
Inlet: T, P

Outlet: T, P

ORC steam turbine

(1200 K), (1155 kPa)
(705.9 K), (101.3 kPa)

(675.9 K), (5000 kPa), (3203 kJ/kg)
(319 K), (10 kPa), (2273 kl/kg)

(490.7 K), (101.3 kPa),
(382.2 K), (101.3 kPa)

(Continued)
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Table A9 (continued)

Thermodynamic parameters

Values

Inlet: T, P, H
Outlet: T, P, H
VAC generator
Inlet: T, P, S
Outlet: T, P, S
VAC evaporator
Inlet: T,P, V
Outlet: T, P, V
VAC condenser
Inlet: T, P, V
Outlet: T, P, V
VAC absorber
Inlet: T,P, V
Outlet: T, P, V
Ambient air
Outlet (32): T, ®;, [—]
Point # 30: T, P
Point # 71: T, P

(339.4 K), (1000 kPa), (641.9 kJ/kg)
(319.3 K), (402.7 kPa), (625.4 kl/kg)

(331 K), (7.40 kPa), (0.315 kJ/kg-K)
(363.2 K), (7.40 kPa), (7.478 kJ/kg-K)

(308.2 K), (0.67 kPa), (0.5342 kJ/kg-K)
(275.2 K), (0.67 kPa), (9.101 kJ/kg-K)

(363.2 K), (7.40 kPa), (7.478 kJ/kg-K)
(308.2 K), (7.40 kPa), (0.505 kJ/kg-K)

(275.2 K), (0.67 kPa), (9.101 kJ/kg-K)
(308.2 K), (0.67 kPa), (0.187 kJ/kg-K)

(288 K), (100%)
(383.2 K), (101.3 kPa)
(491.2 K), (101.3 kPa)
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