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Abstract

This paper presents a comprehensive computational analysis of a real gas turbine, considering the
first and second laws of thermodynamics and employing an iterative trial-and-error approach. An
equilibrium constant-based combustion model capable of calculating mole fractions of 10 species and
applicable to various hydrocarbon fuels has been developed. The model can predict the mole
fractions and production rates of pollutants such as NOx, CO, and COs. In addition, steam injection
has been employed in this model to reduce the formation of NOx and other combustion-generated
pollutants. This technique lowers the flame temperature and alters the mechanisms of pollutant
formation. A comprehensive simulation model was employed in this paper to investigate the impact
of steam injection and other key parameters on the performance and emissions of a combined gas
cycle. Energy, exergy, economic, and environmental analyses were conducted to provide a
comprehensive evaluation of the system. Finally, a modified genetic algorithm is employed to
optimize a multi-objective function considering total cost rate, CO:z index, and second law efficiency.
The results of the developed combustion model have been validated against CEA and GASEQ
software, demonstrating a maximum average error of only 0.5027% for 10 species. As a result of the
multi-objective optimization, a three-dimensional Pareto front is obtained, indicating a maximum
achievable exergy efficiency of 0.4058%, a minimum total cost rate of $1471.2 per hour, and a CO:
index of 0.5075 kg/kWh. The distribution of the primary decision variables reveals the optimal range
for these variables where Pareto optimal points are obtained. Based on the scatter analysis, the
optimal steam injection mass flow rate was determined to be 26.9 kg/s (corresponding to 10.63% of
the total air mass flow rate). This optimal value simultaneously optimizes the system’s performance,
economic, and environmental indicators.

Keywords: energy; exergy; exergoeconomic; gas turbine; steam injection; multi-objective
optimization; hazardous emissions

1. Introduction

Gas turbines are essential equipment in the oil and gas industry, used for power generation and
driving compressors, pumps, generators, and more. In gas pipeline compressor stations, they are
employed to compress pipeline gas and overcome pressure drops. Improving the efficiency of gas
turbines would significantly contribute to reducing energy consumption in the gas transmission
industry. Various methods have been widely used to enhance gas turbine performance, including
inlet air cooling using evaporative, absorption, or mechanical refrigeration, recuperation, water
injection into the recuperator inlet air, combined cycles with or without reheat, steam or water
injection into the combustion chamber inlet air, and flue gas heat recovery[1,2]. The selection of an
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optimal method to enhance gas turbine performance is influenced by a multitude of factors, including
turbine application, environmental conditions, and operational parameters. The specific process,
equipment, design, and age of the turbine, as well as ambient conditions, significantly impact the
choice of an effective method. Given the pressing need to conserve fossil fuels and mitigate
environmental impacts, engineers are continually exploring advanced technologies and optimization
techniques to improve the efficiency of energy generation systems[3].

One approach to enhancing power plant efficiency involves upgrading the materials used in
their construction. Employing materials with superior high-temperature resistance can lead to
improved efficiency and extended equipment lifespan. Furthermore, integrating older power plants
with newer technologies to create combined cycles, coupled with advanced carbon capture and
storage methods, can significantly reduce pollutant emissions. However, energy engineers face
complex challenges. Selecting the appropriate technology, considering climate change, and
addressing socioeconomic factors are crucial considerations in the design and construction of energy
systems. An ideal energy system should exhibit high efficiency, low construction and maintenance
costs, flexibility in fuel utilization, a short construction timeline, minimal environmental impact, and
high reliability[4,5].

A deep understanding of energy conversion processes and factors influencing energy losses is
crucial for optimizing energy systems. Furthermore, adopting a systems-based approach in the
design and operation of these systems is essential to reduce environmental pollution and enhance
energy sustainability. Consequently, energy system optimization has emerged as one of the most
significant engineering challenges of our time.

Several researchers have conducted exergoeconomic and thermodynamic analyses of integrated
gas turbine-based systems. Ahmadi et al.[6] optimized a CHP system using a multi-objective
approach based on the exergy concept. They conducted sensitivity analyses to investigate the impact
of changes in design parameters on the overall system performance from energy and exergy
perspectives. The primary objectives of this research were to improve system performance in terms
of efficiency, fuel consumption, energy losses, production costs, profitability, and environmental
pollution reduction. Sahin and Ali[7] investigated the optimized performance of a combined cycle
system based on the Carnot cycle under steady-state conditions, considering efficiency reduction
factors. They analytically calculated the maximum power and efficiency of this system and evaluated
the impact of various factors on the output power. Despite the significance of exergoeconomic and
thermodynamic analysis in evaluating power generation systems, these methods alone cannot
accurately determine optimal design parameters. Sahoo[8], in their research, employed evolutionary
optimization methods for a comprehensive economic and energy analysis of a CHP system. By
applying thermodynamic and economic principles, Sahoo achieved an optimal configuration for this
system, resulting in a 9.9% reduction in electricity production costs and overall system costs
compared to the initial state.

In another study, Ahmadi and Dincer [9] investigated the performance of dual-pressure
combined cycle power plants having supplementary firing. By incorporating exergy destruction costs
into the optimization objective function, the researchers utilized a genetic algorithm to find the
optimal system settings. Mozafari et al.[10] conducted comprehensive energy, cost, and
environmental analyses to optimize microturbines. This research was conducted using various fuels,
and the results indicated that the type of fuel had a negligible impact on the optimization objectives,
and the trends of thermodynamic efficiency and overall system costs were independent of the fuel
type. Suresh et al[11], through a comprehensive study of advanced coal-fired power plants,
examined various energy, exergy, and environmental aspects. While this study thoroughly evaluated
the environmental impacts of pollutant emissions such as carbon dioxide, sulfur oxides, and nitrogen
oxides, power cycle optimization was not considered. The results indicated that under Indian climatic
conditions and using high-ash coal, the maximum achievable energy efficiency in these power plants
is approximately 42.3%. Sahat et al. [12] conducted a comprehensive review investigating the effects
of steam addition on combustion processes. The study aimed to analyze previous research in this
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field. Researchers categorized existing studies based on case studies, methodologies, design criteria,
and performance parameters. Results indicated that a significant benefit of steam injection into
combustion processes is a substantial reduction in NOx emissions. This advantage justifies the
widespread application of this technique in various industries. Furthermore, research suggests that
other pollutants either remained unchanged or experienced negligible changes under the influence
of this method.

In this paper, the performance of a combined gas cycle has been thoroughly investigated using
thermodynamic modeling, exergy analysis, and multi-objective optimization. Thermodynamic
modeling in this paper has been presented using a trial-and-error method and iterative loops,
considering thermodynamic laws, and it has a very high accuracy. Moreover, previous studies have
used empirical formulas or CFD methods to calculate NO and CO, each of which has its own
advantages and disadvantages. For example, using empirical methods can introduce significant
errors in calculations, and CFD methods are also time-consuming and expensive. In this research, a
comprehensive combustion modeling method has been used, and the mole fraction of 10 combustion
species has been calculated. Finally, it is coupled with the stated thermodynamic algorithm.
Additionally, the CoolProp module in MATLAB software has been used to calculate thermodynamic
properties in this paper [13].

In the presented combustion model, the amount of steam or water fraction can be easily
calculated and added to the combustion process, and the effects of adding steam to the combustion
chamber can be calculated using the energy conservation law. Sensitivity analysis has also been
performed for important gas turbine parameters, including pressure ratio, fuel stoichiometric ratio,
and the amount of injected steam under various conditions. Finally, using a modified genetic
algorithm, three objective functions have been considered: exergetic efficiency, total system cost rate,
and CO2 emission rate. In this paper, a comprehensive simulation model has been developed to
enhance the efficiency and mitigate the environmental impacts of gas turbine cycles. By incorporating
the molar fraction of water into the combustion equation, this innovative approach investigates the
effects of steam injection. The decision variables include the compressor pressure ratio, compressor
and turbine isentropic efficiency, combustion chamber efficiency, fuel stoichiometric ratio, and steam
mass flow rate. Consequently, this research aims to investigate the following objectives:

¢ A mathematical framework is developed to simulate the gas turbine cycle, considering the
principles of energy and entropy conservation. Iterative algorithms are employed to solve
the governing equations.

e A comprehensive analysis of energy losses in a gas turbine cycle is conducted by calculating
exergetic efficiency and identifying the major components contributing to exergy
destruction.

e Developing a model to solve combustion equations with detailed NO and CO emissions
using equilibrium constants

e Developing a model considering the effects of steam injection on CO:z emissions, efficiency,
and total cost rate

e Sensitivity analysis of important gas turbine parameters

e  Multi-objective optimization of cost, efficiency, and CO:z emissions

e Presenting a three-dimensional Pareto front as a result of multi-objective optimization using
a modified genetic algorithm

e Showing the distribution of scatter plots to determine the optimal value for decision variables

e Presenting an ideal point in multi-objective optimization, including the ideal point of cost,

efficiency, and CO: emissions.
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2. Solution Method and Governing Equations

Figure 1 shows a simplified schematic of a gas turbine cycle. As shown, a gas turbine consists of
three main parts. These components are the air compressor, combustion chamber, and turbine.
Ambient air (point 1) first enters the compressor and its pressure is increased by the compressor
(point 2). Then, air and fuel enter the combustion chamber and are burned (point 3). The combustion
gas, which has a high temperature and pressure, passes through the turbine and drives it, and the
rotational force produced by the turbine is transferred to the generator or other equipment such as
pumps and compressors. After passing through the turbine, the pressure of the combustion gas
reaches a pressure close to the ambient pressure and enters the atmosphere (point 4)[14,15].
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Figure 1. Schematic of the gas turbine cycle.

2.1. Energy Analysis

The major part of energy modeling is applying mass and energy balance equations. In this
section, the thermodynamic relations governing the gas turbine are analyzed [16].
Free Stream: Temperature and static pressure are two crucial factors in analyzing the behavior of
fluid flow in the Earth’s atmosphere. These parameters undergo significant changes with increasing
altitude above sea level. Up to an altitude of approximately 11 kilometers, specific mathematical
relationships, expressed as Equations (1) and (2), describe the variation of temperature and pressure

with altitude.
To = (Tyef — 0.0065H) +273.15 - T, =T, (1)
5.256 (2)
PO_Pref[ l - P=PF
ref

The enthalpy and entropy of the air entering the compressor are considered according to
equations (3) and (4) below[17].

hl =Z(xi Xh(TlJpl)i)i l - COz,H20,N2,02 (3)

L
Sl == Z(xl X S(Tl'Pl)i)' i = COZ' H20,N2, 02 (4)

Compressor: Air enters the compressor and is compressed in a polytropic process. The actual work

consumed by the compressor during the compression process is calculated using equation (5).

Wc,act = Mgy X (hZa - hl) (5)
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The isentropic efficiency of the compressor is also defined as the ratio of the isentropic work to
the actual work of the compressor and is determined by equation (6).

Wc,isen _ (hZS - hl) . _ (hZS - hl)
- = — - Wegee = ——— (6)
Wc,act (hZa hl) Ne

In an isentropic process, s,s —s; = 0. Additionally, for calculating enthalpy and entropy, the
following equations are used (equations (7) and (8))[2]:

Ne =

h2q or 25 = Z(xi X h(Tq or 250 P2)1)s i = C0,,H,0,N,, 0, (7)
i
S20r2s = Z(xi X S(TZ(J.OTZS'PZ)i)’ i = CO4,H0, Ny, 0, (8)
i
Combustion Chamber: The heat balance equation in the combustion chamber is expressed as
equation (9)[18].
Mgirhy + M LHV = mghs + (1 = ne)meLHV 9)

where h; is the enthalpy at the outlet of the combustion chamber. Additionally, m, = mg;,. +
and 7, is the efficiency of the combustion chamber. The outlet pressure is also obtained as follows

(equation (10)):
)2
2= 1- APCC) 10)
P,

where is the pressure drop across the combustion chamber. In equation (9), the outlet enthalpy and
are obtained by solving the combustion equations.
Combustion Equation: The primary equation in the combustion chamber is considered based on the
chemical equation for various hydrocarbon fuels as equation (11)[19].
A(CyHypO:Ny) + (x,CO5 + x,H,0 + x3N, + x4,0,)

- 1,0, + ny;H,0 + n3N, + 1,0, + n5C0 + ngH, + n,H + ng0 (11)

+ ngOH + n4()NO

By balancing the species, the following system of equations (equation (12)) is obtained:

C:al + x; = (y; +ys)N
H:bA + 2x, = (2y, + 2y +y; + yo)N (12)
0:cA + (2x; + x5 +2x4) = Ry +y2 + 2y, +¥5 + ¥g + Yo + ¥10)N

N:dA + Z.X3 = (2y3 + le)N
Where, y; is the mole fraction of each species and is calculated as follows (equation (13)):

10
n.
yi =55 N= D (13)
=171 i=1

In the system of equations (12), the values of x; ¢ x, «x3 and x, are known. This system of
equations includes 11 unknowns. To solve the above equation and obtain the values of n and 4, the
following auxiliary equations and equilibrium constants are required[20].

1

1 Pz
—H, = H, 1<1=y71
2 T
Ve?

1

1 Pz
~0,= 0, 1(2=y‘31
2 T
Va2
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1 1 Vo
EHZ +EOZ = OH, K; = T 1 (14)
V42Ye?2
=0z +5N; = NO, K, = fw -
Y32YeP2
1 V2
502+H2: H20, Kszﬁ
Va2YeP2
1 Y1
502+CO\_—\ COZ, K6:ﬁ
Ya2ysP2

In addition, K; the equilibrium constant associated with each equation can be obtained from
the polynomial coefficients presented below (Equation (15))[20]:

T B;
+—+C; + D;T + E;T? 15
1000) T ' ' ' (15)
Table 1 shows the values of the coefficients required to calculate the equilibrium constants in
Equation (15).

log,o K;(T) = A;In (

Table 1. Coefficients of the equilibrium constants employed in equation (15) [21].

i Equilibrium A; B; C; D; E;
Reaction

1 1 0.4321e+00 —0.1124e+05 0.2672e+01 —0.7457e-04 0.2424e-08
~ Hz : H
2

2 1 0.3108e+00 -0.1295e+05 0.3217e+01 —0.7383e-04 0.3446e-08
- 02 \: 0

3 1 1 -0.1417e+00 -0.2133e+04 0.8534e+00 0.3550e-04 -0.3102e-08
-H,+-0,= OH
2 2

4 1 1 0.1508e-01 —0.4709e+04 0.6460e+00 0.2728e-05 —0.1544e-08
-0,+=N, = NO
2 2

5 —-0.7523e+00 0.1242e+05 —0.2602e+01 0.2595e-03 -0.1626e-07

1

1 -0.4153e-02  0.1486e+05  -0.4757e+01  0.1246e-03  —-0.9002e-08
702 +CO = CO,

In order to linearize the system of equations (12), the following constants were used (Equation

(16)).
b+ 2x,
YT oar 4+ x
cA + (2xy + x5 + 2x,)
d, = 16
2 al + x; (16)
_dA + 2x3
T al + x

Considering the defined constants and substituting them into the system of equations (Equation
(12)), the atomic species balance equations are rewritten as follows. Also, the sum of the mole
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fractions of the combustion products is equal to 1. Therefore, the new system of equations is written
as Equation (17).

YitYatYstYa+Ys+Vet+y;+Yg+ Yo+ yi0=0
2y, +2y6 +y7 + y9 —diys —dyys = 0 (17)
2y1 +¥2 +2Ys +¥s +yg + Yo + ¥10 — dzy1 — d2ys =0

2y3 +y10 —d3y; —d3ys =0

Additionally, the auxiliary equations are rewritten as follows, so that they can be used in the
system of equations (17) (Equation (18)).

2 Ky
Y7 = 1Y €1 = g

2 K,
Yg = €Y, 2= g
Yo = C3J’4%}’6% 3 =K3 (18)

11
V1o = 043’45373E 4 =K,

1 1
Y2 = CsYEVe cs = KsP2

1 1
V1= C63’f3’5 Ce = KgP2

By substituting the aforementioned relations into the system of equations (17), the final system
of equations (19) is obtained. The following equations consist of 4 equations and 5 unknowns
(¥3, Y4, Y5 Y6 and A). Therefore, the energy balance equation between the reactants and combustion
products must also be added to the following equations.

1 1 1 1 11
fi = CeYiVs + CsViVe T V3 + Yo+ Vs + Ve + Vg + oY) + ¥V cayiyi =0

1 1 1

1
2

1
fa = 2¢5Y2y6 + 296 + 1Y + C3y2yE — diceyZys — diys = 0 (19)
1 1 1 11 11 1
fs = 2C6Y2Ys + CsYEVe + 2ya + Y5 + oV + C3YEYE + €4y EyE — daCeyEys — days = 0
11 1

fa = 2y3 + CayfyZ — dsceyys — days = 0

The system of equations (19) can be expressed as the following relation (Equation (20)).
i3 90 Y55) =0 j=1,2,34 (20)

The system of equations shown in Equation (20) can be solved using the Newton-Raphson
iterative method. If the solution vector of Equation (20) (y3 ), y4(°), Vs ), Ve (0)), is denoted as the
left-hand side of the equation (y3 (0),}/4(0),)15 ©), yG(O)), for a first-guess solution vector close to
(yg(l), y4(1), y5(1), y6(1)), is expanded using a Taylor series, and second-order and higher partial
derivatives are neglected. Thus, we have:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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——-Ays + Ay, =0, j=1234 (21)

In Equation (21), Ay, = ylgo) - yl.(l), i=3,45,6.
Equation (21) can be rewritten in matrix form as Agyx4.AY4x1 = Bax1, Where matrix A is actually
the Jacobian matrix of the system, as defined in equation (22) [22].

'afl(y(o)) of, (y(O)) 6f1(Y(°)) of (y(O))'
dy3 0V, ays Y6
of, (y(O)) af, (y(O)) of, (y(O)) af, (y(O))
A =| 9y 0ys dys 0ys
Ao (Y®) af(r©®) af(r@) af(r®) (22)
dy3 0V, ays 0Ye
af4(y(0)) aﬁ(y(o)) aﬁ(y(O)) aﬁ(y(o))
dy3 0V, ays 0Ye

To solve this system of equations, the Gaussian elimination method, as detailed in equation (23),
was employed. The resulting vector from this method was then used as the initial point for
optimizing the problem’s initial vector [22].

yED = 0 LAy 123,456 =)

where k is the number of iterations. The iterative process continues until the value of Ay;/ yi(k+1) is

within a predefined tolerance (e=0.001) of the target value. The maximum number of iterations is
limited to 20. It is worth noting that, in addition to the iterative formula, the choice of the initial value
significantly impacts the convergence rate and success of the optimization process. The initial
solution vector (y5®,y,®,ys®,y,D), were determined by modeling incomplete combustion of fuel
at temperatures below 1000 Kelvin.

Initial Estimation of Mole Fractions: To obtain the mole fraction values, it is necessary to initially
estimate the four mole fractions ys,y,, s, ¥e. Therefore, the combustion equation is considered as
follows (Equation (24)):

A(CHLO.Ny) + (x,CO5 + x,H,0 + x3N, + x,0,)
- n,€0, + ny,H,0 +n3N, + 1,0, + n5CO + ngH,
By writing balance equations for each species, the system of equations (25) can be obtained as
follows:

C:yr+ys = P/N
Hiy, +ys = P,/N (25)
0:2y; +y2 + 2y, +ys = P3/N
N:y; = P,/N
To simplify the equations, the following four constants are defined (Equation (26)).
P1 =al + X1
b= bA + 2x,
2 2
Py =cA + (2x; + x5 + 2x,)
dA + 2x;
="

(24)

(26)

1 1
Using the two auxiliary equations (y, = ¢sy; Vs, ¥1 = C6y.ys )and substituting them into the

above equations, a relationship in terms of the variable is obtained as follows (Equation(27)).
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P1(2¢6y/ys + 1) N Pacer/Va —0
(1+ceyya) (1 +csyfya)

By guessing the value of A and using the energy balance equation, the only unknown in the

fs = 2y,N — P; +

(27)

above equation is N. The value of N can also be obtained by considering the following two cases.
Case 1: In fuel-lean combustion mixtures (¢ < 1), due to the deficiency of oxygen, we assume that
carbon monoxide (CO) and hydrogen (Hz) are completely consumed in the reaction and are not
present in the combustion products. Consequently, by setting the number of moles of CO and H: to
zero (i.e. ns =ng =0), the number of unknowns in the mass balance equations is reduced,
simplifying the solution of the equation system.
Case 2: In fuel-rich combustion mixtures (¢ > 1), due to the excess of fuel relative to air, all available
oxygen is consumed, leaving no residual oxygen in the combustion products (i.e. n, = 0). To
accurately determine the composition of the incomplete combustion products under these conditions,
in addition to atomic balance equations, it is necessary to consider the equilibrium reaction between
the products CO2, H20O, CO, and Hoa. This equilibrium reaction, also known as the water-gas reaction,
is represented by equation (28).
€O, +H, = CO + H,0 (28)
The numerical value of the equilibrium constant for the water-gas shift reaction is denoted by
KT and is presented in equation (29).
NyNs

K(T) = (29)
nyNe
The equilibrium constant equation for 400 < T < 3200, is obtained using Equation (30).
1.761 1.611 0.2803 T
=2 _ - =(—— 30
InK(T) = 2743 = 2= = ==+ =2 t = (1555) (30)

By writing balance equations for each species, the final equations for both cases can be
summarized in the following table.

The parameters in Table 2 are calculated as follows (Equation (31)).
Py =A(c—2a) + xp + 2x4

P6=?\<g—c+2a> — 24 (31)
Also, the coefficients a, b, and c are obtained as follows (Equation (32)).
a=1—-K
b = KP, + KP, + Ps (32)
c=—P PsK
By calculating the values of N and using the relation N = Y.}, n;, the value of N is obtained.

Therefore, by calculating the value of N to solve Equation (27), it is assumed that the initial mole
fraction of the combustion product is 100%, i.e., y4(1) = 1. This clearly causes f5(y,) to be greater
than 0. Then, Equation (33) is used to iterate y, until f5(y,) becomes less than 0. At this point, y, will
be close to its exact value.
v =y, x 0.1 (33)
To achieve greater accuracy in the calculations, the values obtained from the initial iterative
method can be used as an initial guess in the Newton-Raphson method. This numerical method,
whose formula is presented in equation (34), allows us to obtain a more accurate and faster solution.

(k+D) = 5, () _ SsOa).

Y4 T 0w (54
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f5(va)
f ,5(y4)
the exact value of y, has been successfully obtained. The initial values of the mole fractions,

N,,C0 and H, can be obtained using Equation (25)[19].

When the absolute value ratio of to y,**1D is less than 0.001, it can be considered that

Table 2. Combustion products for initial estimation of mole fractions.

Species n; <1 o >1

C02 n1 P1 P1 - ns

H,0 n, P, Ps + ng
N, ns P, P,
02 n4 (P3_2n1 —nz/z) O

co n 0
> (—b ++/b% — 4ac)/2a
HZ Tl6 0 P6 - Tl5

Thermodynamic Property Calculations: Accurate simulation of gas turbine engine performance
necessitates precise modeling of the thermal properties of combustion products. By examining and
comparing various models for specific heat capacity at constant pressure (cp) and volume (cv), it was
found that increasing the complexity of these models leads to a decrease in the calculated thermal
efficiency of a standard air dual cycle and a closer convergence of results with the actual thermal
efficiency of diesel engines.

Many studies have simplified the thermal properties of combustion products by assuming a
linear relationship with temperature, neglecting the effects of pressure and fuel-air ratio. For instance,
Lamas’ model considered only five primary combustion product components (02, N2, CO2, H20,
and SO2) and disregarded the variation of thermal properties with pressure. These simplifications
are made despite the fact that complex chemical reactions occur at high combustion chamber
temperatures, leading to a significant increase in the number of combustion product components.
Furthermore, the concentration of these components is strongly dependent on temperature and fuel-
air ratio. Consequently, neglecting these complexities compromises the accuracy of simulation
models[22,23].

In many studies, for the sake of computational simplicity, the constituent gases of a combustion
mixture are assumed to behave as ideal gases. The thermodynamic properties of these gases are
typically obtained from tables or empirical correlations. In this study, we have adopted a
comprehensive data-based approach developed by Gordon and McBride. This method relies on
fitting NASA polynomials to experimental data. Utilizing these polynomials and considering the
mole fractions of each component in the mixture, determined through chemical equilibrium
calculations, we can calculate the thermodynamic properties of the mixture using the Gibbs-Dalton
law[24]. Equation (35) presents the relationships for calculating molar mass, molar specific enthalpy,
molar internal energy, and molar entropy [22].

MW(T,P, 1) = Z y; (T, P, 1). MW,
A(T,P, 1) = 2 yi (T, P, 2). =y (T) (35)
a(T, P, 1) = z y; (T, P, ). % (T)

S(T,P,2) = Z y; (T, P, 2).5,(T)

While individual components of a gas mixture can be considered as ideal gases, the overall
behavior of the gas mixture does not necessarily follow the ideal gas laws. For instance, the specific

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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internal energy U of a gas mixture is not solely a function of temperature. To more accurately
describe the behavior of such gases, modifications to the ideal gas equation of state are required, such
as adjusting the universal gas constant (as seen in Equation (36)) [22].

R
MW(T,P, 1)
Specific heat capacity at constant pressure is defined as the partial derivative of
internal energy with respect to temperature under isobaric conditions. This quantity
represents a system’s ability to absorb heat and increase its temperature at constant
pressure, and is expressed by the differential equation (37).

R(T,P,2) = (36)

o= (2, -(2) :
p—\or/, \oT/, 57
Based on Equation (36), the specific enthalpy of the gas mixture can be expressed as follows
(Equation (38)):
h i=1Yi- b
= === 38
h Mw Mw ©5)

By substituting the relationships, the specific heat capacity is calculated using Equation (39).

n
- 0y 9yi
[Z% vﬁzhlﬁ‘MW MW g

i=1

(39)

The second and third terms on the right-hand side of the above equation
represent the kinetic effects of dissociation reactions on the molecular composition
of combustion products at elevated temperatures. However, at lower temperature
regimes where dissociation reactions are less significant, equation (40) can be
approximated by a simpler model.

n
1 —
i=

To determine the specific heat capacity at constant pressure (C,) as defined by
equation (40), it is necessary to calculate the partial derivatives of the mole fractions
(%) of each chemical species in the gas mixture with respect to temperature . This
can be achieved by differentiating the chemical equilibrium equation (20) with
respect to temperature, resulting in a set of partial differential equations for
components dy,/dT, dy,/dT, dy./dT and ay,/aT (equation (41)).

0, 03y 050 O 0y 0f; 0%
aT 6y3 aT dy, 0T  0ys 0T 0y OT

By calculating the derivatives expressed in the equation, the following matrix is finally formed,

=0, j=1,234 (41)

and the method of solving this equation is similar to Equation (20) (Equation (42)).

1[57] + izl = )

To obtain the derivatives of functions with respect to pressure, a process similar to calculating
the derivative with respect to temperature is performed, and the solution method is also similar to
the previous method (Equation (43)).
of; 0df; 0 of; 0 of; 0 of; 0
0f; , 0fj 9ys  0fi 9ya  0fj 0ys 0/ 9ys

P Ty, ap Tay, P Tay.op Tay.ap - ST L34 (43)
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Also, the enthalpy, specific heat capacity, and entropy of each component are calculated as
follows (Equations (44-47))[22].

h;  h aj; a3; a3; ai; ae;

_t _ — st g et Tt 7ot ot 44

T R R I I 4

Cpi Cpi 2 3 4

—=—=a1i+a2i.T+a3i.T +(14i.T +(15i.T (45)

R R, 7% : ' '

s{ 5 azi .5, Qai .5 G50 4

Ez—u=alrilnT+azli.T+T.T +TT +TT +a7'l- (46)
P

s(T,P) =s%T)—RIn (P—) (47)
0

The coefficients presented in the above equations are extracted from reference
[25] for temperatures ranging from 300 to 1000 Kelvin and from 1000 to 3000 Kelvin.
Therefore, the specific volume is equal to (Equation (48)):

TR

V= (48)
The derivative of specific volume with respect to temperature at constant pressure (Equation
(49)):
dv Ru R,T 0/ 1 v v MW v v ay;
(0 SRCLRTO Ly 0 v MW v v, @
oT/p P.M P OT\MW/ T MW 0T T Mw oT
The derivative of specific volume with respect to pressure at constant temperature (Equation
(50))[22]:
dv v v ay;
(57), = =5~ 57w 2.2 (57) )

Steam Injection into the Combustion Chamber: Steam injection into the combustion chamber of
gas turbines is an effective method for reducing combustion-generated pollutants, especially nitrogen
oxides (NOx), and improving turbine performance. Therefore, this paper aims to complete the
described algorithm and to include the effects of steam injection on the combustion process in the
developed model. With steam injection into the combustion chamber, the combustion equation is
rewritten as Equation (51).

AMCqHyO Ng) + (x,CO5 + x,H,0 + x3N, + x,0,) + x;H,0
- 1,0, + ny,H,0 + n3N, + 1,0, + n5C0 + ngH, + n,H + ng0 (51)
+ ngOH + n4(NO

The amount of xg, the percentage of steam injection into the combustion chamber, is obtained

using Equation (52)[26].
ms My
" =y ™ Mo (52)

Therefore, to simulate the effects of steam injection into the combustion chamber, the value of
mymust be specified. In this case, the species balance equation (Equation 12) is modified considering
the value of x;.

Energy Balance Equation: The energy balance equation for the control volume of the
combustion chamber is obtained according to Equation (53)[27].

Qcy — Wey + nphy + nghy —nphy = 0 (53)

Also, considering the effects of steam injection, we have (Equation 54):
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Qe — W, + nghe + nghg + nghg —nyhy, =0 (54)

In this relation, W, = 0 and it is assumed that the amount of heat transferred from the
combustion chamber is equal to 2% of the lower heating value of the fuel, and its value is calculated
using Equation (55)[28].

Qcy = —0.02 X 12p X LHV = —0.02 X ng X A X LHV (55)

Also, hg is the molar enthalpy of the fuel at the inlet fuel temperature. The inlet fuel temperature
is considered to be the same as the ambient temperature. According to the problem assumptions, the
inlet air and combustion products are considered as an ideal gas mixture. Therefore, h, and h,, are
calculated using the following relations. hgis also the enthalpy of steam at the desired temperature
(Equations (57-58)).

h, = Z (xi X h(TOutlet,Compressor)i) i = (0, Hy0,N;, 0, (57)

i

h, = Z (yi % h(Toutterc.c),) i = CO,, Hy0,N,, 0,,CO, H,, H,0,0H,NO (58)

4

Finally, a system of equations with 5 equations and 5 unknowns is obtained. Solving the above
equations ends with assuming an initial value for A or T3 and establishing the energy balance
condition.

Turbine: The work produced by the turbine during the isentropic expansion process is obtained
using Equation (59):

WT,act = mg X (hs — hsq) (59)

Isentropic efficiency of a turbine is a measure of turbine performance, indicating
how closely the actual turbine operation approaches an ideal, reversible process. It
is defined as the ratio of the actual work output of the turbine to the ideal work
output under isentropic conditions (i.e., without energy losses due to friction or heat
transfer). This efficiency is calculated using Equation (60).

: 60)
WT act (h3 - h4a) (
Ne=c—"——= hag = (1 =n)hs + nchy
WT,isen (h3 - h4s) . s
In the isentropic process in the turbine, 5, — 5,5 = 0.
Finally, the energy efficiency is obtained by Equation (61)[2].
(61)

— WT,act - Wc,act
16T = el LHV

Figure 2 shows the algorithm for solving the energy equations.
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Figure 2. Energy modeling algorithm for gas turbines.
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Calculation of P1,T1,hi and s1
using MATLAB's CoolProp
module
(Equations (3) and (4))

i

Calculation of P2 and an initial
guess for Tas

If
s —s1=0
(Equation (8))

YES
v

Calculation of has using the
CoolProp module

Calculation of W, and hy,
(Equation (6))

l

or hi= PropSI(‘S or H’,’T", T1, ‘P’, P1) ]
02, H20, N2, O2

= PropSI(‘S’,"T", T, ‘P°, P2)
=C0z2, H20, N2, O2

=PropSI(‘ H,’T", Tzs, ‘P’, P2)
CO2, H20, N2, O2

An initial guess for T2a and
calculation of hzanew using the
F CoolProp module

NO

If
hoanew — h2a =0
(Equation (7))

YES

Calculating s2 and compressor
power

L]

=PropSI(* H',)T", Tos, ‘P’, P2)
CO2, H20, N2, 02

Exergy represents the maximum work a system can produce when it reaches equilibrium with

its surroundings. This quantity depends on the internal factors of the system and the environmental
conditions. Exergy analysis, by combining the second law of thermodynamics with the principles of
mass and energy conservation, enables the identification and localization of energy losses. By using
this analysis, the system can be optimized to minimize energy losses. The exergy of a system consists
of various components such as kinetic, potential, chemical, and thermal energy, all of which are
included in the exergy balance equation (Equation (62)).[29].

dE Ty \ - . . . .
(E)cv=z 1_Fj Qj_Vch'I'Zmiei_zmoeo_ED

The amount of exergy destruction (Ep) in the above equation is of great importance, as this

(62)

quantity indicates the amount of potential lost by a component or the entire system to perform useful
work. In fact, exergy destruction indicates how much of the system’s initial exergy is irreversibly
converted to thermal energy of the environment due to thermodynamic limitations and other

). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202508.0238.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 August 2025 d0i:10.20944/preprints202508.0238.v1

15 of 32

unavoidable factors, reducing the system’s ability to perform useful work. Therefore, Equation (63)
represents the exergy balance in each component of the system.
Exin + Exryer = Exoue + EXges (63)
The exergy of each inlet and outlet stream of the system consists of two main components:
physical exergy and economic availability. Physical exergy represents the inherent ability of a stream
to perform mechanical work, resulting from differences in physical parameters such as pressure,
temperature, and elevation relative to the surroundings. On the other hand, economic exergy refers
to the economic value of a stream due to its specific chemical composition or location. The formulas
for calculating these two components are presented below (Equations (64-66))[29].

expn = (h — ho) — To(s — sp) (64)
exg, = Z X; exX! + RT, z X; In(X;) (65)
ex = expp + exep (66)

The exergy efficiency and exergy destruction of all components are presented in Table 3.

Table 3. Equations used to calculate the exergy efficiency and exergy destruction in various components of a gas

turbine[28,29].
Component Exergy Destruction Irreversibility Exergy Efficiency
Compressor  Expeomp = s + Wae — (B%3)  leopm = tanTol2 =50 (Exp — Fxy)
—
Combustion Expec = Exy + Exip — (Ex3) ice = MyasTo(S3 — $2) (Exs — Exy)
chamber Tm
Gas turbine Expec = Ex; — Wer — (Ex,) ice = MyasTo(sy — S3) Wer
(B> — Exy)

2.3. Economic Analysis

In the process of developing economic balance equations for gas turbine equipment, the
economic value of each component must first be determined. The cost incurred in each component is
known as exergy destruction cost and the primary objective of this analysis is to minimize this cost.
By applying the principle of cost balance to component k, the relationship between the total costs
associated with exergy outflow streams and the total costs of exergy inflow streams, along with fixed
costs (including initial investment and operational and maintenance costs), can be established. The
sum of fixed costs is denoted by Z. Based on this principle, the cost rates of the system’s exergy inflow
and outflow streams and ultimately, the unit cost of exergy products can be calculated. The equation
for component k is presented as Equation (67)[30].

N N
Z(CeEe)k + CW,ka = Cq,quk + Z(CiEl')k + Zk (67)
e i

When analyzing a system where the exergy outflow from a component (Ne) is unknown, an
equation deficiency arises. To address this issue, the principles of F and P within the SPECO
framework are employed to introduce a sufficient number of auxiliary equations to the system. By
developing these auxiliary equations for all components of the gas cycle system, a comprehensive
system of equations is obtained, as presented in Table 4. Solving this system of equations enables the
accurate calculation of all desired variables[30].

Table 4. Auxiliary equations and cost balance equations for gas cycles[30].

Component Cost Balance Equation Auxiliary Equation
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Compressor c1Exy + Copge 1 Wac + Zac = ¢2Ex;

Combustion chamber c2Exy + cruerExpuer + Zoe = c3Ex3
Gas turbine

In the aforementioned equation, the parameter Z represents the annual operating cost of each

C3Ex3 + Zor = CergeaWer + CLEX, C3 = Cy

component in the system and is calculated using Equation 68. To calculate Z,, initial data such as the
initial investment cost (presented in Table 5, the capital recovery factor (CRF), the maintenance factor
(¢), and the annual operating hours of the system (N) are required. By utilizing these parameters and
referring to Equation (68), the annual operating cost of each component can be accurately

determined.
_ Z,(CRF)¢ (68)
7 3600N
Table 5. Formulation of equipment purchase cost for all components[30].
Component Formulation Constants
Compressor Ciyamy; P. P. $
p Zye = (M) (_2> In=2 Cpy = 441 ——
Ciz — Nac/ \Py Py kg/S
C12 = 095
Combustion Coori c 46.08 $
My = 46.08 ——
chamber Zee = = a;)rs [1+ exp(Ca3Ts — Ca4)] 2l kg/S
Coz — P, C,, = 0.995
C,; =0.018 K71
Cyy =264
Gas turbine C31Mgas P, $
Zee = (—) (ln—) [1+4 exp(C33T3 — C34)] C31 = 479.34 ——
cc Caz — Nor P, pll33l3 34 31 kg/S
C32 = 0.94
C33 =0.036 K_l
C34_ = 54.4

By solving the system of equations, the cost of unknown system streams is obtained. The desired
equations are solved using the matrix formation method below (Equation (68)).

(Ex;, —Ex; 0 0 Wy 0 1 ¢ T ]
0 Ex, —Ex; 0 0 E‘xfuel Cy ~Z,c
0 0 Ex; —Ex, “Wer 0 || & |=| ~Zer 69)
1 0 0 0 0 0 leogen 0
0 0 1 -1 0 0 |l cruer | 0
L0 0 0 0 0 1 -3 x 107

2.4. Optimization

Initially, the objective functions are defined. In this paper, exergy efficiency, CO: index, and total
system cost are considered as the objective functions. Equation (69) is employed to determine the
exergetic efficiency [31].

_Ter

nex g

In this equation, ¢ = 1.06 corresponds to the chemical exergy coefficient of methane gas. Also,

(69)

for the total system cost, we have (Equation (70)):
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. L . 70
Crotal = z Zi+Cp+ Cepp + Cf 70)

By applying energy and cost balances to all components of the system, the costs associated with
each component are calculated. Based on Equation (71), the cost of exergy destruction (Cp) is also
determined.

Cp = Z CriEXges

In the above equation, Exg represents the exergy destruction rate in component k, and

(71)

cr x denotes the unit cost of fuel consumed in that component. The unit cost of natural gas fuel is also
calculated using Equation (72).

. . 72
Cf = chuelmfuelLHV 72)

The environmental cost due to the emission of COz, CO, and NO pollutants is also calculated
using Equation (73).
- . . . (73)
Cenv = Cco,Mco, + CcoMMco + CnoMno

Where the values of cco,, cco, and cypare considered to be 0.024, 0.02086, and 6.853 ($/kg)
respectively. Finally, the CO2 index is also determined using Equation (74)[31].

Mco, (74)
Wnet

Accordingly, using the algorithm shown in Figure 3, a multi-objective optimization is performed

€co, =

with the aim of maximizing exergy efficiency and simultaneously minimizing the total cost rate and
COz index.

Isentropic efficiency of compressor
Combustion chamber efficiency
Isentropic efficiency of gas turbine
Compressor pressure ratio
Fuel stoichiometric ratio
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and using e-elimination approch T :

NO -y
Combine the offspring and current
populations to from a new population of size [+— Evaluate the objective functions
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Figure 3. Modified Genetic Algorithm.

3. Results and Discussion

In this section, the results of the combustion model presented in this research are first compared
with commercial software such as CEA and GASEQ for validation. In the next section, the results are
compared with the reference results of an industrial gas turbine [32] to ensure the accuracy of the
algorithm for gas turbine analysis. Subsequently, the results of various assessments, including
energy, exergy, economic, and environmental evaluations of the proposed model, are presented.
Following this, a parametric study is conducted to investigate the sensitivity of the gas turbine’s
performance to variations in key parameters. Finally, the results of the multi-objective optimization,
using Pareto frontier analysis and the distribution of decision variables, are presented to determine
the optimal operational range[33].

3.1. Model Validation

To validate the results obtained from the combustion model, a comparison was made between
the model results and the commercial software CEA and GASEQ. Methane was considered as the
fuel, and the composition of the air was assumed to be 0.79% nitrogen and 21% oxygen. Additionally,
the steam injection rate into the combustion chamber was considered to be 10% in both cases.

As evident from the results in Tables 6 and 7, the presented model demonstrates a high degree
of accuracy in calculating the mole fraction of combustion products. Therefore, the presented model
can be used to calculate combustion species in gas turbine combustion chambers.

Table 6. Comparison of the results of the present combustion model with those obtained from the commercial
software GASEQ and CEA for methane fuel under ¢ = 0.6.

¢ = 0.6 Model Results CEA Results GASEQ Results CAE Error (%) GASEQ Error (%)

Cco, 0.051504 0.05155 0.05153 0.089 0.050
H,0 0.233922 0.23397 0.23383 0.020 0.039
N, 0.645560 0.64554 0.64551 0.003 0.007
0, 0.068352 0.06826 0.06829 0.134 0.090

co 1326 x 1077 1.331x 1077 1.330 x 1077 0.375 0.30
H, 2419 x 1077 2417 x 1077 2.416 x 1077 0.082 0.124
1.269 x 107°  1.272x 107° 1.277 x 107° 0.235 0.626

0 1.508 x 1077 1.506 x 1077 1.507 x 1077 0.132 0.066

OH 3.262x 107> 3.388x107° 3.386 x 107° 3.719 3.662
NO 6.277 x 107*  6.275x 107* 6.273 x 107* 0.031 0.063

Table 7. Comparison of the results of the present combustion model with those obtained from the commercial
software GASEQ and CEA for methane fuel under ¢ = 1.2.

¢ =12 Model Results CEA Results GASEQ Results CAE Error (%) GASEQ Error (%)

co, 0.063731 0.06366 0.06371 0.111 0.032
H,0 0.278175 0.27820 0.27821 0.008 0.012
N, 0.594797 0.59481 0.59480 0.002 0.0005
0, 5.824x 1078 5773 x 1078 5.781 x 1078 0.883 0.743
co 0.031141 0.03117 0.03120 0.093 0.096
H, 0.032103 0.03208 0.03207 0.071 0.102
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2.985x 107> 2983 x107° 2,982 x 107° 0.067 0.10
0 1.536 x 1078 1.532x 1078 1.537 x 1078 0.261 0.065
OH 2.201x 107 2,183 x107° 2.195x 107 0.824 0.273
NO 2960 x 107  2.949 x 107° 2.950 x 107 0.373 0.338

3.2. Energy Model Validation

Following the validation of the combustion model, we proceed to validate the gas turbine
performance modeling. This section presents the validation of the proposed model for a Siemens
V94.2 gas turbine. Table 8 compares the gas turbine cycle validation against the reference study data
[32] for the case without steam injection and an air mass flow rate of 490 kg/s. The results in Table 7
indicate that the proposed model exhibits sufficient accuracy for gas turbine performance analysis.

Table 8. Validation of the proposed model against the reference data[32].

Components E xp i (MW)

Present Study Ameri et al[32].
Compressor 6.02 5.99
Combustion Chamber 143.12 142.51
Gas Turbine 21.11 21.01

3.3. Parametric Study

Through a sensitivity analysis of critical parameters, the performance of the gas turbine was
assessed under both base and steam injection conditions. Finally, considering the multi-objective
Pareto front and the distribution of each parameter, the optimal range of each decision variable is
presented. To examine the results of the proposed model, a gas turbine (GE 9E model) has been used.
The specifications of the gas turbine are given in Table 9 [14].

Table 9. Input Parameters for the Gas Turbine (GE 9E model) [14].

Data Value Unit
Myir 253 kg/s
mfuel 6.1 kg/s
T, 299 K
pr 10 -
P, 94 kPa
Nac 85 %
Ngt 87 %
Nee 98 %

Exergy Analysis: Exergetic evaluation reveals that while energy efficiency solely focuses on the
quantity of input and output energy, exergy efficiency serves as a more comprehensive metric,
considering both the quality of energy and its potential to perform useful work. The results of the
exergy analysis demonstrate that while the gas turbine exhibits a high exergetic efficiency of 94.64%
and the air compressor operates at 93.32%, the combustion chamber is identified as the system’s
bottleneck with an exergetic efficiency of only 74.44%, indicating significant potential for
improvement. Figure 4a corroborates this finding, showing that the combustion chamber experiences
the most exergy destruction, accounting for 85.94% of the total exergy destruction within the system.
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These results underscore the importance of optimizing the combustion process to reduce energy
losses and enhance overall system efficiency.
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Figure 4. Comparison of (b) exergy efficiency and (a) exergy destruction in different components of a gas

turbine.

Two parameters that significantly impact the performance of gas turbines are the compressor
pressure ratio and the fuel stoichiometric ratio. The effect of these two parameters on exergy
efficiency, CO2 emissions and total cost rate is shown in Figures 5-7. In the first case, the analysis is
conducted without considering the effects of steam injection.
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Figure 5 illustrates the impact of compressor pressure ratio and fuel stoichiometric ratio on the
gas cycle unit efficiency. When the pressure ratio is constant, increasing the fuel stoichiometric ratio
leads to an increase in the overall exergy efficiency of the unit. Similarly, at a constant fuel
stoichiometric ratio, increasing the compressor pressure ratio enhances the gas turbine efficiency.
Generally, with increasing compressor pressure ratio, exergy efficiency typically increases initially,
reaches a maximum, and then decreases. This is due to the increased work output of the turbine with
increasing pressure ratio, but on the other hand, the increased work required for the compressor also
reduces efficiency. Figure 6 shows that, at a constant pressure ratio or fuel stoichiometric ratio,
increasing the other variable parameter leads to an increase in the total cost rate, but the impact of
the fuel stoichiometric ratio on increasing the total cost rate is more significant. Generally, increasing
the compressor pressure ratio usually leads to an increase in system efficiency. This can result in
reduced fuel consumption and consequently lower fuel costs. However, with increasing pressure
ratio, initial investment costs for equipment, as well as maintenance costs, may increase. Therefore, a
balance between increasing efficiency and related costs is necessary. Additionally, selecting an
appropriate stoichiometric ratio contributes to increased combustion efficiency and reduced
emissions. This can lead to lower costs associated with exhaust gas treatment and environmental
fines. Very low or high ratios can result in incomplete combustion, which will incur additional costs
for gas treatment and increased fuel consumption. In Figure 7, at a constant fuel stoichiometric ratio,
increasing the compressor pressure ratio decreases the CO2 emission rate due to the increased net
work output of the turbine. Furthermore, increasing the compressor pressure ratio increases the
temperature and pressure of the air entering the combustion chamber. This leads to increased
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combustion efficiency and reduced fuel consumption. Consequently, the CO2 emission rate
decreases. Although increasing the compressor pressure ratio increases the temperature of the gases
exiting the combustion chamber, this temperature increase is a smaller percentage compared to the
increase in the net work output of the turbine. Therefore, increasing the compressor pressure ratio at
a constant stoichiometric ratio results in a decrease in the CO2 emission rate.

Steam Injection into the Combustion Chamber: To control the turbine outlet temperature, a
significant amount of excess air is required. On the other hand, increasing the inlet air flow rate
increases the power consumption of the compressor. If, instead of excess air, a suitable amount of
steam is injected into the combustion chamber to control the inlet temperature to the turbine, the
work consumed by the compressor decreases due to the reduced air flow rate, and the steam flow in
the turbine compensates for the reduced air flow and the reduced work produced by the turbine,
resulting in an overall increase in net work output. Therefore, in this paper, the effect of steam
injection into the combustion chamber on increasing efficiency and important turbine parameters is
investigated. In this method, the liquid water pressure is first increased to the combustion chamber
pressure by a pump and then converted to steam by the exhaust gases from the power plant in a heat
exchanger, and then injected into the combustion chamber. Steam injection occurs after the fuel and
air combustion process and in the elbow and exit region of the combustion products. It should be
noted that with this method, the increase in input work by the pump can be neglected compared to
the significant decrease in compressor input work .Therefore, this section examines the impact of
steam injection under various conditions.

Effects of Steam Injection at Different Compressor Pressure Ratios: Figure 8 illustrates the
impact of compressor pressure ratio and steam injection rate on exergy efficiency. By keeping either
the pressure ratio or injection rate constant and increasing the corresponding parameter, the
efficiency increases. However, the effect of adding steam flow rate on increasing efficiency is greater
compared to the compressor pressure ratio. Figure 9 shows that at a constant pressure ratio,
increasing the injection rate decreases the total cost rate. This is because the cost associated with
environmental pollutants decreases. However, at a constant injection rate, increasing the compressor
pressure ratio increases the total cost rate. This is because the value of ZAC increases with increasing
pressure ratio. Figure 10 shows that by increasing the injection rate and compressor pressure ratio,
COz emissions decrease. Moreover, the percentage reduction in CO2 due to the addition of steam is
significantly higher than that of increasing the compressor pressure ratio. Therefore, it can be
concluded that the use of steam injection is essential to increase energy and exergy efficiency and
reduce COz2emissions. This is because the compressor pressure ratio can only be increased to a certain
extent due to design limitations, and this increase alone cannot replace the addition of steam to the
combustion chamber. It has been shown that CO: emissions and exergy efficiency are aligned and
there is no contradiction. This is mainly because CO: in the exhaust gases is primarily caused by the
combustion of carbon in the fuel. When the load is constant, the higher the efficiency, the less natural
gas is required, and consequently, CO: emissions are also reduced.
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Effects of Steam Injection and Different Fuel Stoichiometric Ratios: Figure 11 demonstrates
that increasing both the steam injection rate and the fuel stoichiometric ratio leads to an increase in
exergy efficiency, however, the impact of increasing steam injection on enhancing efficiency is
significantly greater than that of the fuel stoichiometric ratio. Figure 12 indicates that increasing the
fuel stoichiometric ratio at a constant injection rate results in a substantial increase in the total cost
rate, while at a constant stoichiometric ratio, increasing the injection rate does not significantly
decrease the total cost rate. It can be concluded that the effects of the fuel stoichiometric ratio on the
total cost rate are more significant compared to the injection rate. Figure 13 shows that increasing
both the fuel stoichiometric ratio and the injection rate decreases COz emissions, but the impact of
increasing the steam injection rate on reducing CO:z emissions is significantly greater than that of
increasing the stoichiometric ratio. In this case, it is also shown that CO: emissions and exergy
efficiency are aligned.
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Effects of Steam Injection on NO and CO Emissions: Figures 14 and 15 demonstrate that
increasing the steam injection rate leads to a decrease in combustion temperature and consequently
a reduction in equilibrium constants and pollutant emissions. Adding 30 kg of steam to the
combustion chamber results in a 5% decrease in TIT. In other words, for each kilogram of injected
steam, TIT decreases by 0.1683%. Additionally, adding 30 kilograms of steam to the combustion
chamber results in a 26.05% reduction in NO production and a 67.8% reduction in CO production.
That is, for each kilogram of injected steam, the amounts of NO and CO decrease by 0.87% and 2.26%,

respectively.
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3.4. Multi-Objective Optimization Results

Table 10 presents the decision variables along with their corresponding upper and lower
bounds. These bounds are imposed due to availability or metallurgical constraints.

Table 10. Decision Variable Ranges.

Parameter Lower Upper
bound bound
A 0.025 0.046
Injection (kg/ 0 30
s)
Nac 0.8 0.9
Nee 0.8 0.99
Ngt 0.8 0.9
Ty 8 16

The results of the multi-objective optimization Achieved from the GA are presented as a Pareto
front in Figure 16. This front shows the relationship between exergy efficiency, CO:z index and total
cost rate. As expected, due to the multi-objective nature of the problem, instead of a single optimal
point, a set of optimal points (Pareto front) is obtained. In this set, increasing energy efficiency is
accompanied by a decrease in pollutant emissions. The ideal point, where the highest energy
efficiency and the lowest cost and pollution coexist, is shown in the figure. The values of this point
for the maximum achievable exergy efficiency are 0.4058%, the minimum total cost rate is 1471.2 $/h,
and the CO2 index is 0.5075 kg/kWh.
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Figures 17-19 illustrate the distribution of compressor efficiency, combustion chamber
efficiency, turbine efficiency, injected steam mass flow rate, compressor pressure ratio, and
stoichiometric fuel ratio, respectively. By analyzing the points obtained from the GA and plotting the
Pareto front, the optimal range for each decision variable can be identified. Figure (17) shows that the
optimal value of compressor efficiency is 0.865 and the optimal value of combustion chamber
efficiency is 0.975. Additionally, Figure (18-a) shows that the optimal turbine efficiency is distributed
in the range of 0.85 to 0.89, and based on the Pareto front distribution, a value of 0.891 can be selected
as its optimal value. Figure (18-b) indicates that the optimal value of the injected mass flow rate is
26.9 kg/s. Moreover, Figure (19-a) shows that the optimal value of the stoichiometric fuel ratio is 0.259.
However, Figure (19-b) indicates that the optimal pressure ratio for the compressor is distributed in
the range of 8.5 to 12.5, and based on the Pareto front distribution, a value of 12.35 can be selected as
its optimal value.
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4. Conclusion

In this paper, a model based on iterative loops was introduced using computer code and the first
and second laws of thermodynamics to calculate the thermodynamic characteristics and performance
of a gas cycle. As shown, in this method, with the given turbine inlet temperature (TIT) or fuel
stoichiometric ratio and using a trial-and-error method, the thermodynamic parameters of the cycle
can be calculated. The validation of the stated model showed that this model has an acceptable
accuracy. Also, considering the importance of environmental pollutant emissions, a combustion
model was developed using equilibrium constants, and the mole fractions of 10 combustion species,
including C€O,,H,0,N,,0,,C0,H,,H,0,0H,N were calculated. Subsequently, the proposed model
was completed in the case of steam injection.

This paper has investigated the energy, exergy, economic, and environmental aspects of a real-
world gas cycle and conducted a comprehensive parametric study to evaluate the effects of steam
injection and other important decision variables on pollutant emissions and system performance.
Finally, by using a modified genetic algorithm, three objective functions, namely total cost rate, CO2
index, and second law efficiency, were considered. The overall results of the research conducted
includ:

e A comparison of the results of the proposed combustion model with the CEA and GASEQ

software showed that the mean error for the 10 combustion species compared to the CEA
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and GASEQ software was 0.482% and 0.5027% in ¢ = 0.6, respectively, and 0.2693% and
0.1761% in ¢ = 1.2, respectively.

e  The results of the error analysis indicate that the proposed model has a very high accuracy.
Moreover, the advantage of this model over the mentioned software is the ease of use of this
model with the governing equations of gas and combined cycle power plants.

e [Exergy analysis results showed that the combustion chamber has the highest exergy
destruction among all components.

e Environmental analysis results show that CO emissions have a much lower share compared
to NO and CO..

e Parametric studies revealed that increasing the mass flow rate of injected steam and
decreasing the compressor pressure ratio significantly reduced CO and NOx emissions.

¢ By increasing the injection flow rate and compressor pressure ratio, CO2 emissions decrease,
and the percentage reduction in CO:z due to the addition of steam is significantly higher than
the increase in compressor pressure ratio.

¢ (CO2 emissions and exergetic efficiency are in line, and there is no conflict between them.

¢ By increasing the steam injection flow rate and fuel stoichiometric ratio, exergetic efficiency
increases, but the effect of increasing steam is much greater than the fuel stoichiometric ratio.

e By increasing the fuel stoichiometric ratio and increasing the injection flow rate, the amount
of CO2 emissions decreases, but the effect of increasing the injection flow rate of steam on
reducing CO2 emissions is significantly greater than the increase in the stoichiometric ratio.

e  The results showed that adding 30 kg of steam to the combustion chamber reduces the TIT
by 5%. This means that for each kilogram of injected steam, TIT decreases by 0.1683%.

e The results showed that adding 30 kg of steam to the combustion chamber reduces the
production of NO by 26.02% and CO by 67.8%. This means that for each kilogram of injected
steam, the amounts of NO and CO decrease by 0.87% and 2.26%, respectively.

e The results of the multi-objective optimization presented a three-dimensional Pareto front
and showed that the maximum achievable exergetic efficiency is 0.4058%, the minimum total
cost rate is 1471.2 $/h, and the CO2 index is 0.5075 kg/kWh.

e The scatter plot showed that 26.9 kilograms per second is the optimal value for the mass flow

rate of steam injection in terms of optimizing efficiency, emissions, and cost.

Nomenclature
Q Heat rate (kW) Subscripts
H Height (m) ac Air compressor
n Efficiency (%) ken For kth component
K Equilibrium constant f fuel
Molar fraction a ambient condition
MW  Molar mass gt Gas turbine
T Temperature (K) g Gas
LHV  Lower heating value (k] /kg) env Environment
P Pressure (Pa) s Steam
Cp Specific heat capacity (k]/kg K) ex Exergy
A Fuel stoichiometric ratio cc Combustion chamber
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AP pressure drop D Destruction
CRF Capital recovery factor th Thermal

h Enthalpy (k]/kg) ex Exergy

E Energy (k] /kg) ch Chemical
Exq4 Exergy destruction (k]/s) actora actual

R Universal gas constant (j/K. mol) isen or s isentropic
yA Equipment cost (1/s) ref reference

@ Maintenance factor GA Genetic algorithm
o Total cost rate

m Mass flow rate (kg/s)

n Working hours per year

r, Pressure ratio

w Work rate (kW)

TIT Turbine Inlet Temperature
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