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In this study, three different gas turbine cogeneration systems that are preheating air, preheating air-fuel and
simple cycles where steam injected in to combustion chamber are analyzed. The effects of steam injection on
thermoeconomic performance are calculated and obtained. By using the first law of thermodynamics, the exergy
analysis and economic methods, simulation programs written by the authors in FORTRAN code are obtained to
use for the analyses. Thermoeconomic performance of these three different cycles for different stage and variable
mass of injected steam are obtained and compared with literature. The effects of injection steam in to combustion
chambers of those three cycles for variable compressing ratios, on power, efficiencies, product price and performances
are obtained. Consequently, the advantages and the disadvantages of injection steam are evaluated. The results
obtained in this study are compared with the results available in the literature. Injection steam into combustion
chamber increases the electricity efficiency and electricity power but decreases the heat power of the cycles. Also

the produced electricity price for per kWh is increasing.
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1. Introduction

In analyzing thermal and cogeneration plants ther-
moeconomic methods, where economic and exergy meth-
ods are combined are found to be more effective and
more appropriate than the conventional methods. This
method provides detailed insight about the solutions.
In designing thermal cycles, thermoeconomic analysis is
very important to understand the characteristics of cycles
economically and thermodynamically. Thermoeconomic
methods allow us to understand and to trace the cost
flow, and exergy destruction in the components of the cy-
cles. In thermoeconomic analysis algebraic and calculus
methods have been heavily employed. By using the al-
gebraic thermoeconomic methods, the average costs can
be obtained by solving cost equations for each compo-
nent. Marginal and exergetic costs can be calculated by
modeling each stream and component with differential
equations which is called calculus methods. Thermoe-
conomic methods are mainly the thermoeconomic func-
tional analysis, the exergetic cost theory, the thermoeco-
nomic evaluation and optimization, and the engineering
functional analysis methods. There are two groups of ap-
proaches in formulating auxiliary costing efficiencies and
equations [1]. The first one is the exergoeconomic ac-
counting methods that use iterative optimization of the
system or devices. The second one is the Lagrangian
based approaches which aim the optimization of the over-
all system. Thermoeconomic analysis should aim exergy
streams costs, each product cost, and entropy genera-
tion [2]. In our analysis, the cost levelization approach is
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used to determine the cost variation with time. Karaali
and Ozturk have introduced a novel simple and efficient
thermoeconomic optimization method for real complex
cycles by improving the non-linear simplex direct search
method. They have analyzed, compared and discussed
the local and the global thermoeconomic optima of the
costs and they have found the electricity costs at local
optima are higher than the global optima. The details of
the thermoeconomic analyses and optimization methods
can be found in literature [1, 3, 4].

In gas turbine cogeneration systems, the air are com-
pressed in a compressor and then a liquid petroleum
product or gaseous fuel in the combustion chamber is
burned to obtain exhaust gas at temperature about 900—
1500°C. The exhaust gas of the outlet of the combustion
chamber gives some of its energy to the turbine to pro-
duce electricity while the turbine outlet gas temperature
falls between 500 or 900°C. Exhaust gas of the turbine
outlet produces steam or hot water in the heat recovery
steam generator [5]. In the 1980s, because of the increas-
ing need of heat and power, the gas turbine cogeneration
systems became widespread in the industry. Changing
the electricity and heat demand increased the interest of
the gas turbine systems and that has led to coming up
these days. Steam injection into the combustion cham-
ber began in the 1950s, and today to minimize the com-
pounds of NOx this method is used. Since the 1980s,
the thermoeconomic analysis of thermal plants has been
started by many researchers, however thermoeconomic
analysis of steam injected cogeneration plants are very
few in literature [6, 7].

The cycles that are analyzed thermoeconomically in
this study are shown in Fig. 1. Fig. 1c shows the air-fuel
preheated cycle that the fuel in another recuperator is
heated by the exhaust gases energy to increase the fuel
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temperature. In this study, three steam injected gas tur-
bine cogeneration systems such as simple (si), air pre-
heating (ap), and air-fuel preheating (afp) cycles are an-
alyzed by using thermoeconomic analysis method.

Fig. 1.
of a) simple b) air preheated c) air-fuel preheated cycles.

Steam injection into the combustion chamber

In addition, thermodynamic evaluation of the three
cycles are studied and compared. The most important
parameters of a steam injected gas turbine cogeneration
system such as electric cost, exergetic efficiency, electric
and heat power are analyzed and compared with each
others.

2. Materials and methods

Thermoeconomic model of gas turbine cogeneration
cycle can be written as follows [8]: the first law of ther-
modynamics by neglecting potential and kinetic energy
changes can be written as,

> G- Yiv-an
c c
the enthalpy change can be written as

2
h2 — h1 = / CpodT. (2)
1

Combustion reaction assumed to be ideal and the nat-
ural gas has been accepted as methane. Stoichiometric
combustion of the fuel is given as,

CHy4 + 2(3.763N3 + O3 4+ 0.00146CO4 + 0.09228H50)

+ T.526N5 + 1.002914C O, + 2.184556 H,0.  (3)

Exergy of flow is calculated with the help of the fol-
lowing relation [4]:

Epnys = m[(h — ho)mix — To(s — S0)mix];
Echem = Z yiEchcm,i + mRTO Z Yi In Yi,s

(1)

(4)
(®)
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E = Ephys + Echem-
The exergy efficiency can be written as follows [4]
T g

fuel

The revenue requirement method is applied for the
main product cost calculation and for economic analy-
sis of the thermal systems. The basic four steps of the
method employed in this studyhird step the total rev-
enue requirement is calculated, and the last step is the
levelized product cost calculation. Estimation of the to-
tal capital investment is a one-time cost that includes
the fixed capital investment. The fixed capital invest-
ment has the direct and the indirect costs elements. For
cost estimation of the purchased equipment three meth-
ods are used: cost estimating charts, cost indices, and
calculation effect of size on equipment which is used in
this study [9]. The cost balance for the overall system
operating at steady state is given by

CP,tot = Of,tot + Ztc(;tl + Zt?)éw (8)
In this equation C' is cost rate, Z is non exergy related

cost rate, C1T is capital investment, f is fuel, P is product,
tot is total and OM is operating and maintenance.

(6)

Nex =

3. Results and discussions

Variations of electric power with injected steam rate
for different values of the compression rate are given
in Fig. 2. As can be concluded that, increasing the in-
jected steam rate increases the electric power of the cy-
cles. Variations of heat exergy power with injected steam
rate for different values of the compression rate are given
in Fig. 3. Increasing the injected steam rate decreases

§ 32000 fap(r=tey=o .z
_afp(r=10)-. -~

Injected steam rate (kg/s)

Fig. 2. Electric power vs. injected steam rate.
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Fig. 3. Heat exergy power vs. injected steam rate.
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Fig. 5. Total exergy power vs. injected steam rate.
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Fig. 6. Exergy efficiency vs. injected steam rate.

the heat exergy power which that is the result of using
the steam in the combustion. Variations of electric heat
energy rate with injected steam rate for different values of
the compression rate are given in Fig. 4. As can be con-
cluded that, increasing the injected steam rate increases
the electric heat energy rate of the cycles. Variations of
total exergy power with injected steam rate for differ-
ent values of the compression rate are given in Fig. 5.
Increasing the injected steam rate decreases the total ex-
ergy power of the cycles except the simple cycles’ low
compression ratios.

Variations of exergy efficiency with injected steam rate
for different values of the compression rate are given
in Fig. 6. As can be concluded that, increasing the in-
jected steam rate decreases the exergy efliciency except
the simple cycles’ low compression ratios. Variations of
electricity cost with injected steam rate for different val-
ues of the compression rate are given in Fig. 7. Increas-
ing the injected steam rate increases the electric cost
of the cycles however decreasing compression rates de-
creases the electric cost.
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Fig. 7. Electricity cost vs. injected steam rate.

4. Conclusion

In this study, three different cycles are analyzed by
using the thermoeconomic analysis method. It has
seen that, increasing the compression ratio increases
the electricity power however decreases the heat output.
The steam injected is taken from the heat recovery steam
generator, for that reason the heat output are decreas-
ing. Increasing injected steam mass decreases the ex-
ergy of the cycles however increases the electric power.
The exergy efficiency of the cycles decreases with increas-
ing injected steam mass. However increasing injected
steam mass increases the exergy efficiency of the sim-
ple cycle in low compression rates. Injection steam into
the cycle’s combustion chambers increases the electric
cost. The reason is more injection steam means less heat
power because of using the steam produced in the HRSG.
In this way the steam can be used to increase the electric
power. As the result, the steam injection method is an
ideal method to apply where steam is not needed.
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