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Inthis article, different compressor pressure and different excess air rates for a gas turbine
based combine cycle power plant with steam Rankine cycle as bottoming cycle were
analyzed by using 1. and 2. laws of thermodynamics and exergy analyses methods to
obtain the best performances of the cycle. Exergy efficiency of the cycle, net powers of
the gas and steam turbines and the overall cycle, exergy loss of the components, the
efficiencies of the components are obtained, compared and discussed. It was found that,
increasing the compressor pressure increases exergy efficiency of cycle, gas turbine and
total plant power, and the combustion chamber, the HRSG and the compressor
efficiencies. However, increasing compression rates decreases steam turbine power,
combustion chamber, steam turbine, and HRSG exergy losses and the gas turbine
efficiency. Also, it is found that, increases in excess air ratios gives an optimum or a
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maximum exergy efficiency, at 2.5 excess air rate of the cycle.

1. Introduction

The environmental concerns regarding carbon
emissions, rise in electricity demand with the rapid
development of emerging economies and finite
fossil fuel reserves have made the increased
efficiency in energy conversions, the renewable
energy sources and the recovery of previously
unused energies very important [1, 2, 3]. To identify
alternative sources of energy that can be used for
power generation with minimal harmful effects to
the  environment is  necessary. Today’s
environmental concerns are about the recovery and
using of low-grade temperatures heat sources. Also,
previously termed ‘waste heat’ in various industrial
processes is now taken as a potential source for
electricity generation. The CCPP technology
includes two or more power cycles, to obtain high
efficiency and to provide a decrease in pollutant
emissions [4, 5, 6]. In power generation, gas turbine
combined cycles have been used extensively. Also,
combined cycles have the advantages low
investment, operation and maintenance costs,
suitability for plant operations and flexibility to
fluctuations in demand. [7, 8].

Combined cycles include a topping cycle and a
bottoming cycle. For the low temperatures,
bottoming Organic Rankine Cycles (ORC) are

another alternative, those have shown good
performance. The organic working fluids for
Rankine cycles has been proposed for different
applications: for renewable energy, for heat recovery
and they are commercially available [9, 10].

The Organic Rankine Cycle is a widely investigated
for the using of low temperatures energy sources like
geothermal, industrial waste heat, biomass, and solar
which is reduced the capital and operation costs [10].
They have the advantages of the simplicity of
construction and operation, smaller equipment sizes,
and high modularity [10]. In literature, studies on the
increasing efficiency of CCPP are about the increase
of the efficiencies of gas turbines, steam turbines,
and both cycles (topping and bottoming) [11], and
the increase of the organic fluids impact on
efficiency [10].

By applying reheat and by reducing the
irreversibilities in HRSG, the efficiency of the
Rankine cycle can be increased. Also, different
factors may change the ORC performance such as
the configuration of the system, thermophysical
properties of working fluids, the temperature of the
external source, the components efficiency, etc. The
efficiency of the CCPPs can be improved by
modifying the performance of the components.
While Organic Rankine Cycles (ORC) are used to
gain heat energy from different sources to generate
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power, the steam Rankine Cycles (SRC) are used to
recover high temperature heat to generate power.
Investigations for alternative, harmless, low
emissions fuels to use in CCPPs can be found in
literature [12, 13, 14].

In this study, gas turbine combined cycle with steam
Rankine cycle was analyzed by using the 1., the 2.
laws of thermodynamics and exergy analyses
methods to obtain the best performances of the cycle
by changing compression ratio and excess air rates.

2. Material and Methods

Gas turbine-based combine cycle power plant with
steam Rankine cycle can be seen at Figure 1. Figure
1 shows that, the air is compressed to higher
pressure, then it is combusted by fuel to obtain the
combustion gas at 3. The gases at 3 are expanded to
low pressure at 4. Gases at 4 enters the heat recovery
steam generator to transfer heat to the steam. Steam
at the outlet of HRSG at 8, is expanded in the steam-
turbine at 9. Saturated water at the exit of the
condenser at 10 is pumped to at 7.

Caondenser

Water

’

Figure 1. Gas turbine based combine cycle power plant
with steam Rankine cycle as bottoming cycle.
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These assumptions were made for the analyses; the

components are taken as a steady-state steady-flow

systems, pressure drop is negligibly small, in kinetic

and potential energies changes are negligible [11].
The energy equation;

Q WCV + Zm mm (hm +— + me) -

VO‘LL
Yout Mout (hout +—— £ + gzout) =0 1)
The conservatlon mass law for steady state;

X Min = X Moyt 2
Efficiency of the system;
W+QS eam.
ik T— 3)
Fuel,inlet.
Electrical efficiency of the system;
Nelt = (4)

QFuel,inlet
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For the calculations, the combustion was
taken as ideally and completely [11]. The
combustion is;

ACH, + (0.7748N, + 0.20590, +
0.0003C0, + 0.019H,0 — (1 + £)(Xy2N, +
X0202 + Xc02C0; + Xpy20H,0)

Physical exergy is;
€phyical = (h = ho)mixture — To-(s —

T
S0)mixture = Zj Xj [f CpOj(T)dT -
To.(fy, L2 ar - Rinl)]
0
The chemlcal exergy is as [11];

(5)

échem,mixt = Zi xiEchemical,i + RT, Zi Xi In Xi (6)

The total exergy are;

E =

Ephy + Echem

(7)

Table 1: Equations of energies, mass, entropies of the
components of gas turbine based combine cycle power
plant with steam Rankine cycle [11].

Components | Mass Energy Entropy
Equation | Equation Equation
Compressor | i, = 1, my.hy + W, Ty S, — 1y S,
=1m,. h, + Sgenc =0
Gas Turbine | my =1, mshs M3S3 — 11,8,
= WGT + WC + Sgen,GT = 0
+ myhy
HRSG m, = mg myhy +m;h, | mys, +mys,
m, = 1g = mghs — 1hgSg — MgSg
+ mghg + Sgenrsc = 0
Steam mg =1y | Mghg MgSg — 1MgSg
Turbine =Wg +Wp +m| + Sgensr =0
Combustion m, +mg | myh, + mghg M, S, + MgSe
Chamber =1h, = 1hzh, — M3S;3
+ 0.02mgLHV + Sgencc =0
Pump LOTS LOTICTI MMy9S19 = 11757
=m, =1m,h, + Wy + Sgenp =0
Condenser myo Mmghy = MgSg — MyS1g
=My Myohio*Qc + Sgenp =0
hy = f(T)
5 =f(T,P i)
Overall mairhair + mfuelLHVCH4 - QLoss,CC
Cycle

- ﬁ.leg.,out.heg.,out - WGT
. — Wsr — QLoss,c =0
Qrosscc = 0'02mfuelLHVCH4

For open systems exergy equation;
Yimphy =X ToSi —Xjmi hi + X, T S; +

zok—zak.T—i— ®)

In Table 1 equations of energy, mass, entropy of
components of gas turbine based combine cycle
power plant with steam Rankine cycle are given. In
Table 2 the equations of exergies, exergy
efficiencies, and performance criteria of components
of gas turbine based combine cycle power plant with
steam Rankine cycle are shown.

W = Eloss
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Table 2: The equations of exergies, exergy efficiencies,
and performance criteria of components of gas turbine
based combine cycle power plant with steam Rankine

cycle [11].
Components | Exergy Equation | Exergy Efficiency
Compressor | Ej . _ Eouec = Einge
:. El + WC —_ Ez nex,C - . W(] .
Turbine Epr ~ Wherer + We
= E:3 —E =W Aexor = Ein,T - Eout,T
— Wer
HRSG ED,I.-IRSG . Tex,HRSG .
- E.‘4 - ES + E7 — EStEam,HRSG - Ewate
._ Eg Ein,exhuu§t,HRSG - E:out,e
Stearr_] Epr _ Waeesr +Wp
Turbine =Eg —Ey—Wp Hexst = Einsr — Eoutst
=~ Wsr :
Combustion Epcc Eoutcc
Chamber =E+E -k Texice = Ein,CC + Efuel
Pump Epp o Ny = Eoutp — Einp
= Eyo + Wp — ex,P W,
Condenser Ep.=Ey—Eyq Einc
Nex,c = i
out,c
Overall Exergy efficiency E=Epy+Ey
Cycle Eph
= 1i(h — hy
= To(s = 50))
Ech.

m —
=l xel
+RT, Z Xk lnxk}

_ Wnet,GT + Wnet,ST
Mex =— p—
‘fuel

3. Results and Discussions

The ambient conditions were taken as Po=101.3 kPa
and To=25 °C, in this article. Compressor air flow is
mMair=91.3 kg/sec, and fuel flow is mre=1.64 kg/sec.
The isentropic efficiency of the steam, gas turbines
and compressor were taken as Mizst=Nizc=Nizc1=0.86.
The compressor ratio is 10, temperature of steam
Tseam=485.57 K. HRSG outlet temperature is taken
as Texn=426 K [11].

Figure 2. Variation of the exergy efficiency with
compression ratios of CCPPs.
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Figure 3. Variation of the power with compression
ratios of CCPPs.

In figure 2, variation of the exergy efficiency with
pressure ratios of CCPPs is given. That is shown
that, increasing pressure ratios from 6 to 16 increases
exergy efficiency, about % 11 of the gas turbine
based combine cycle power plant with steam
Rankine cycle.

In figure 3, variation of the power with pressure
ratios of CCPPs is given. Increasing compression
rates, increases gas turbine and the total plant power,
but decreases the steam turbine power. Increasing
compression rates from 6 to 16 increases gas turbine,
total plant power about % 15 and % 11. But
decreases the steam turbine power about % 8.

Figure 4. Variation of the exergy losses of the
components with compression rates for CCPPs.

In figure 4, variation of the exergy losses of
components with compression rates for CCPPs are
given. Increasing compression rates increases gas
turbine and compressor exergy loss about % 76 and
% 29, respectively. However, increasing
compression rates decrease combustion chamber,
steam turbine, and HRSG exergy losses about, % 12,
% 8, % 16, respectively. In figure 5, variation of
efficiencies of components with pressure ratios of
CCPPs are given. That is seen, increasing
compression rates increases the combustion, the
HRSG and the compressor
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Figure 5. Variation of efficiencies of the components
with pressure rates for CCPPs.

efficiencies about % 11, % 2 and % 2, respectively.
However, increasing compression rates decreases
the gas turbine efficiency, about % 7, while the
steam turbine, and the pump efficiencies stay
constant.

Figure 6. Variation of the exergy efficiency with excess
air ratios of CCPPs

In figure 6, variation of the exergy efficiency with
excess air ratios of CCPPs is given. It can be seen,
increasing excess air rates gives an optimum or
maximum exergy efficiency, at 2.5 excess air ratio
of the turbine based combine cycle power plant with
steam Rankine cycle.

Figure 7. Variation of the net power of the turbines with
excess air ratios of CCPPs.

In figure 7, variation of net power with excess air
ratios of the CCPPs is shown. That is seen,
increasing excess air rates gives a maximum power
point for gas turbine and total plant power at 2.9 and
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2.5 excess air rates, respectively. But decreases the
steam turbine power about % 34.

Figure 8. Variation of exergy loss of components with
excess air ratios of CCPPs.

In figure 8, variation of exergy loss of components
with excess air ratios of CCPPs is given. An increase
in excess air ratios increases gas turbine, combustion
chamber and compressor exergy loss about % 161,
% 34 and % 170, respectively. Also, increasing
excess air rates decrease steam turbine, and HRSG
exergy losses about, % 34, % 71, respectively.

Figure 9. Variation of efficiencies of devices with excess
air ratios of CCPPs.

In figure 9, variation of efficiencies of devices with
excess air ratios of CCPPs can be seen. An increase
in excess air ratios increases gas turbine, and HRSG
efficiencies % 13 and % 34, respectively. However,
increasing excess air ratio has an affect to decrease
combustion chamber efficiency, about % 3, while
compressor, the steam turbine, and the pump
efficiencies stay constant.

4. Conclusions

In this article, different compressor pressures and
excess air ratios for a gas turbine based combine
cycle power plant with steam Rankine cycle as
bottoming cycle are analyzed by using 1. and 2. laws
of thermodynamics and exergy analyses methods to
obtain the best performances of the cycle. Exergy
efficiency of the cycle, net powers of gas turbine,
steam turbine and the cycle, exergy loss of the
components, the efficiencies of the components are
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obtained, compared and discussed. That is found, an
increase in compression rate increase exergy
efficiency of this cycle, gas turbine and the total
plant power, and the combustion chamber, the
HRSG and the compressor efficiencies. However,
increasing compression rates decreases the steam
turbine power, combustion chamber, steam turbine,
and the HRSG exergy losses and the gas turbine
efficiency. Also, that is found, increasing excess air
ratios from 1.3 to 3.5 gives an optimum or a
maximum exergy efficiency, at 2.5 excess air ratio
of the cycle. Increasing excess air ratios, increases
gas turbine, combustion chamber and compressor
exergy losses, but decreases steam turbine, and
HRSG exergy losses.
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