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Abstract
The present study is a comparative energy and exergy analysis of a Proposed gas turbine cycle
(PGTC) with a simple gas turbine cycle (SGTC), maintaining the same rate of fuel supply in both
cycles. In the PGTC, the air bottoming cycle is operated by exhaust gases from the topping gas
turbine cycle by exchanging heat in the heat exchangers (H.E.s) by controlling the path of
exhaust gases and compressed air through the bypass control valves. The bypass valve in the
topping, as well as the bottoming cycle, direct the combustible product from the combustion
chamber to the H.E., in such a way that it optimizes the performance of the proposed combined
cycle as compared to SGTC. The results show that the maximum increase in Work net output
and thermal efficiency in PGTC compared to SGTC is 65.7% at rp=4 and turbine inlet
temperature (TIT)=1500 K, whereas the exergy loss by the exhaust gases in the PGTC is much
less than the exergy loss by the exhaust gases in the SGTC. The maximum difference in the
exergy loss by the exhaust gases in PGTC and SGTC is also observed at rp=4 and
TIT=1500 K.

Keywords: gas turbine, turbine inlet temperature, heat exchanger, bypass valve, exergy loss,
exergetic efficiency

(Some figures may appear in colour only in the online journal)

Nomenclature

Wnet work net output
Q rate of heat supplied

e heat exchanger effectiveness

h efficiency

m mass flow rate

rp pressure ratio

T temperature (K)

SGTC simple gas turbine cycle

cp specific heat

g specific heat ratio

H.E. heat exchanger

SFC specific fuel consumption

E exergy

LCV lower calorific value of fuel

TIT turbine inlet temperature
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PGTC proposed gas turbine cycle

Subscripts

c compressor

T turbine

cc combustion chamber

s simple gas turbine cycle

net net

a air

Th thermal

t topping-cycle

b bottoming cycle

Comb combined

f fuel

g gas

Exh exhaust

1. Introduction

The environmental impact of the gas turbine has been con-
sidered in this current research by increasing the total exergy
loss using a novel model. The energy and exergy are
important indicators for evaluating the gas turbine’s perfor-
mance, especially for environmental control and safe gas
combustion. One of the main motivations behind this research
is to position the bypass valves (BPV) and H.E.s in a gas
turbine-air bottoming combine cycle in such a way that not
only reduces the exergy loss from the exhaust gases of the gas
turbine to the maximum extent but also enhances the cycle’s
performance, as compared to the results available in the
literature.

Najafi et al [1] observed that for the optimization tech-
nique, the optimal solutions set and the final designated
optimal design, achieved an exergetic efficiency of 46%, from
a total cost of 3.76 million USD annually. The results indicate
that for multi-objective optimization, besides preserving high
exergetic efficiency, the total system cost is also reduced [1].
In another comparative study in the literature, the results
revealed that conventional combined cycles could reach the
highest thermal efficiency of about 48%, especially when the
topping gas turbine and bottoming steam turbine cycles are
thermodynamically efficient [2]. Moon et al achieved coolant
intercooling, which was implemented to decrease the coolant
temperature and enhance the gas turbine’s performance [3].
The component model contains more details, such as a
compressor, turbine model with a cooling system for evalu-
ating the usefulness of the compressor, and turbine regula-
tions [4, 5].

In another studies, it was observed that the variation in
the bottoming cycle depended on the effective energy utili-
zation possible in the topping cycle. Also, the authors found
the bottoming cycle uses a steam cycle or ammonia water

cycle, or a mixture, and their scope of work suggests further
improvement in the combined cycle performance is possible
[6–8]. The performance of the gas turbine was analyzed,
including the resulting inlet and outlet cooling stages, and the
gas turbine’s performance showed that it produced the largest
turbine efficiency [9]. The gas turbine power plant energy and
exergy analysis were conducted based on the combustion
chamber, which showed the most exergy destruction in the
system due to high irreversibility during the combustion
process [10, 11]. Besides, simulations of fixed parameters
showed that humidifying the air has a substantial impact on
cycle performance due to the improved heat recovery from
waste and other types of heat [12, 13].

In another study, the gas turbine energy exhaust was
recovered through a pre-heating water process and then
adding water before the combustor, leading to high overall
thermal efficiency. Kumari and Sanjay [14] observed that the
intercool gas turbine delivered higher gas turbine results and
higher thermal efficiency compared with the basic design of
the gas turbine. The pressure ratio of the intercool gas turbine
has a higher enhanced power output compared to a typical gas
turbine, and the exergy results revealed a higher ratio and
efficiency from a combustion turbine [15].

Selwynraj et al [16] evaluated both a gas turbine and
steam turbine, in particular, the exergetic efficiency and
exergy magnitude increased by about 5%, and the condenser
air cooling ensured that the last portion of exergy in the gas
turbine system was removed. In that study, the exhaust sys-
tem of the gas turbine reduced the exergy losses, and the
efficiency observed was about 58%, and this increased when
the steam injection was applied [17]. The performance and
design thermodynamic in power plant are assessment energy
and exergy analysis after modification of the combustion
chamber the exergy range has been improved [18]. The
exergy loss and exergetic enhancement have been considered
in several studies, then these studies compare the basic model
of the gas turbine suggest the new design based on the
calculation of both exergy efficiencies were analyzed [19–22].
Environmental issues and saving energy and exergy are
important when considering saving energy and the improve-
ment of gas turbine efficiency; especially, this technology is
increasing in the drive to achieve better and more efficient gas
turbine power plants [23, 24]. The gas turbine combine cycle
included the bottom stream turbine and a topping gas turbine
cycle are the most measurable efficiency for the gas turbine in
using energy and exergy analysis with combine preheating
and cooling in the power plant system [25–28]. The exhaust
turbine of a topping cycle was used to run the air bottoming
cycle, and the major parameters affecting the performance of
the combined air bottoming cycle were found to be pressure
ratio, TIT and the inlet temperature of the air [28–33];
whereas the other parameters affecting the combined cycle
performance, especially the air bottoming cycle, are the
effectiveness of the H.E. and the right path for the exhaust
gases to exchange maximum heat for the topping as well as
bottoming cycle [34, 35].
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The concept of H.E. in a simple gas turbine is first briefly
discussed by Hernandez et al [36] in 1995 as a regenerative
gas turbine cycle, and after that, several researchers did many
modifications in the regenerative air standard cycles to
enhance cycle performance [37–42]. When the temperature of
compressed air from the air compressor becomes more than
the exhaust gases, in SGTC or combined air bottoming cycle,
the heat is transfer from the compressed air to the exhaust
gases that result in a decrease in cycle efficiency as well as an
increase in exergy loss by exhaust gases. Khan et al [43, 44]
proposed the concept of BPV with a H.E. which helps to
further increase in cycle efficiency and decrease in exergy loss
by exhaust gases. This implies that the concept of the H.E. as
well as BPV in a SGTC and combined air bottoming cycle is
not new. The positioning of the H.E. and BPV in the com-
bined air bottoming cycle is very important to enhance the
cycle performance. The novelty of the present study is the
combination of H.E.s and BPV which direct the combustible
product through the H.E.s in such a way that not only
enhances work net output and overall thermal efficiency of
the PGTC which results in minimizing the cost of power
generation but also minimize the exergy losses by the exhaust
gases which contribute in controlling the problem of global
warming.

The major difficulty and challenge to achieving the
results lie in developing a mathematical model for the PGTC,
and the second most difficult aspect of this study is to write
the program of the mathematical model developed in an
engineering equation solver (EES) program because it
requires many logical functions.

2. Cycle description

2.1. Cycle description of SGTC

Figure 1 shows a schematic diagram of the SGTC in which air
is at ambient temperature T1, and pressure P1 enters the air
compressor where its pressure and temperature rise to P2 and
T2 respectively. The compressed air leaving the air com-
pressor enters the combustion chamber, where its temperature
further increases from T2 to T3. The combustible product from
the combustion chamber at pressure P2 and temperature
T3(TIT) enters the gas turbine where it expands to the pres-
sure of P4 and temperature T4.

2.2. Cycle analysis
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Figure 1. Schematic diagram of a simple gas turbine cycle (SGTC).
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Exergy destruction of gas turbine due to irreversibility
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2.3. Cycle description of the PGTC

Figure 2 shows the schematic diagram of the PGTC in which
air at ambient temperature T1 and pressure P1 enters the air
compressor, where the pressure and temperature raise to P2

and T2 respectively. The compressed air from the air com-
pressor enters the combustion chamber via the first heat
exchanger (H.E.)1 if the temperature of exhaust gases of the
gas turbine is more than the temperature of compressed air
from the air compressor, and under this condition bypass

valve 1 (BPV-1) is closed and bypass valve 2 (BPV-2) is open
due to which the temperature of compressed air rises from T2
to T3, given by the equation (18). But if the temperature of the
exhaust gases is less than the temperature of compressed air
from the air compressor of topping cycle, then the; then the
compressed air from the air compressor directly enters the
combustion chamber without passing through the (H.E.)1, and
under such condition BPV-1 is open and BPV-2 is close. The
temperature of the combustible product leaving the combus-
tion chamber is given by equation (20), which is more than
the TIT of the SGTC, because of the same rate of fuel supply
in both cycles, and the inlet temperature of the air to the
combustion chamber in the PGTC is more than the inlet
temperature of the air to the combustion chamber in SGTC. In
PGTC, the combustible product enters the gas turbine of the
topping cycle via a second heat exchanger (H.E.)2, and the
combustible product exchanges heat with the compressed air
of the bottoming cycle if the bypass valve 3 (BPV-3) is open.
The combustible product exchanges heat with the compressed
air of the bottoming cycle, such that the temperature of the
combustible product entering the topping gas turbine of the
PGTC is the same as the temperature of the combustible
product in the SGTC.

Also if the temperature of exhaust gases is less than the
temperature of compressed air from the air compressor of the
topping cycle, at this stage the temperature of the combustible
product leaving the combustion chamber becomes the same in
both the PGTC and the SGTC. And at this stage the BPV-1 is
open, the BPV-2 is close, and the BPV-3 is close. This allows
compressed air from the air compressor of the bottoming
cycle, and exhaust gases of the topping cycle passes through
the (H.E.)3, and this results in raises in temperature of com-
pressed air of bottoming cycle from T9 to T11 and drop in
temperature of exhaust gasses from T6 to T8.

Figure 2. Schematic diagram of the proposed air bottoming combined cycle (PABCC).
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2.4. Analysis of the PGTC

2.4.1. Analysis of topping cycle. Power required to run the air
compressor of the topping cycle
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2.4.2. Analysis of bottoming cycle. The temperature of air
leaving the air compressor from the bottoming cycle
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2.4.3. Analysis of bottoming cycle. Work net output of the
combined cycle
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All assumed parameters have been mentioned in Table 1.

3. Technical solution

The combined and topping cycle work net output and effi-
ciencies for the configurations considered have been investi-
gated parametrically by using the first and second laws of
thermodynamics. The commercial software EES has been
used to obtain a solution for all parametric functions, which
have been described by analytical expressions, and then all
succeeding parameters and functions have been simulated and
implemented.

4. Results and discussion

The variables are the pressure ratio of the topping cycle and
the TIT, with the assumption that the pressure dropped
through the combustion chamber and H.E. is zero. The
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exhaust gases from the turbine of the topping cycle release to
the environment via a (H.E.)1 if the BPV-2 opens, whereas
exhaust gases release to the atmosphere via (H.E.)3, if the
BPV-2 close. The compressed air from the bottoming air
compressor enters the turbine of the bottoming cycle via
(H.E.)2 if the BPV-3 open but via (H.E.)3, if the BPV-3 close,
as shown in figure 2.

Variations in work net output (Wnet) of PGTC and SGTC
with compressor pressure ratio (rp) for different values of TIT
were investigated, as shown in figure 3. It is shown in this
figure that the network for the topping cycle is less than for
the combined cycle, and the network for both the combined
and topping cycle increases significantly with TIT, which
proves that the TIT significantly affects the work net output of
the cycle.

It is also noted that the work net output (Wnet) of the SGTC
and PGTC is almost equal at rp=5 and rp=11 for TIT=
900 K and TIT=1200 K respectively, whereas the work net
output of PGTC reaches its maximum valve at rp=6 for TIT=
900 K and rp=4 for TIT=1200K which is 33% and 46%
respectively—more than the SGTC. For TIT=1500K, the
work net output of the PGTC is much higher than the SGTC
throughout the pressure ratio range considered, although the

work net output of the PGTC decreases with pressure ratio. The
work net output of the PGTC is 65.7% at rp=4 and 7.6% at
rp=12 more than the SGTC for TIT=1500 K. It is observed
from figure 3 that when BPV-1 is close and BPV-2 is open, that
is, the (H.E.)1 and (H.E.)2 is in functional, the Work net output
of PGTC decreases, and the reason is that the work net output of
the PGTC is the summation of the topping cycle and bottoming
cycle. The work net output of the bottoming cycle is the function
of the pressure ratio of the bottoming cycle and TIT of the
bottoming cycle in equation (34). The pressure ratio of the
bottoming cycle is again the function of the TIT of the bot-
toming cycle in equations (28) and (29). When BPV-1 is closed
and BPV-2 is open, the pressure ratio of the bottoming cycle is
the function of the TIT of the bottoming cycle (T10), which
depends on the temperature of the combustible gases from the
combustion chamber (T4). From equations (18) and (20) it is
clear that the temperature of the combustible gases from the
combustion chamber (T4) is the function of the pressure ratio of
the topping cycle (rp). With an increase in pressure ratio, the rate
of fuel supply and the inlet temperature of air into the com-
bustion chamber decreases, which results in a decrease in the
temperature of the combustible gases from the combustion
chamber (T4). The combined effect of all results shows a
decrease in the work net output of the bottoming cycle due to the
decrease in the pressure ratio of the bottoming cycle. When the
temperature of the combustible gases from the gas turbine of
the topping cycle becomes less than or equal to the temperature
of compressed air coming from the topping air compressor, then
T4=TIT and at this stage BPV-1 is opened and BPV-2 is
closed. When the BPV-2 is closed, at the same time BPV-3 is
also closed, and the combustible product from the gas turbine
leaves to the environment through the (H.E.)3 and the com-
pressed air from the bottoming air compressor gains heat from
the exhaust gases of the gas turbine from the topping cycle in the
(H.E.)3 before it enters the turbine of the bottoming cycle.

In addition, at this stage, the pressure ratio of the bot-
toming cycle becomes a function of the temperature of the air
leaving the (H.E.)3, and due to this reason, the first value of
the pressure ratio of the bottoming cycle is higher than the last
value of the pressure ratio of bottoming cycle whose value
depends on (T4-TIT). Figure 4 shows the variation in thermal
efficiency w.r.t the pressure ratio for the different TITs of the
PGTC and SGTC. It is noted that the thermal efficiency
significantly increases with an increase in TIT. The maximum

Table 1. Assumed parameters and variables.

Variables

TIT 900–1000 K rp 4–12

Assumed parameters

ht 85% hc 80%
T1 300 K e e e= =1 2 3 0.9
ma 1 kg s−1 LCV 42 000 kJ kg−1 K−1

cpa 1.005 kJ kg−1 K−1 ga 1.4
cpg 1.14 kJ kg−1 K−1 gg 1.33

Figure 3. Variation of work net output (Wnet) w.r.t pressure ratio (rp)
at TIT=900–1200 K.
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thermal efficiency of the PGTC is noted to be rp=6, rp=12
and rp=4 for TIT=900 K, TIT=1200 K and TIT=
1500 K respectively, which is 33%, 27.5%, and 65.7%
respectively—more than the thermal efficiency of the SGTC
at the same corresponding points. It is also noted that the
thermal of the PGTC for TIT=1200 K and the SGTC for
TIT=1500 K at rp=12 and rp=6.5 are almost equal, but
the work net output of the SGTC for TIT=1500 K is much
more than the work net output of PGTC for TIT=1200 K at
rp=12 and rp=6.5 as indicated in figure 3.

SFC is directly proportional to the mass flow rate of fuel
and inversely proportional to the work net output of the cycle.
Figure 5 shows the variation in SFC for the PGTC and SGTC
w.r.t. the pressure ratio of the SGTC for TIT=900–1200 K.

For TIT=900 K, the SFC is plotted on a secondary y-axis,
and for TIT=1200 K and TIT=1500 K the SFC is plotted
on the primary y-axis. It can be noted from figure 5 that for
TIT=900 K, the SFC of both the PGTC and SGTC
increases with an increase in pressure ratio, although the SFC
of the PGTC is less than the SGTC. Figure 2 indicates that the
work net output of both the PGTC and SGTC for TIT=
900 K decreases with an increase in pressure ratio, and due to
this, the SFC of both cycles increases with an increase in
pressure ratio. It is also noted that the SFC of the PGTC for
TIT=900 K from rp=4 to rp=6 first increases and
reaches its peak at rp=5 and then decreases to its minimum
at rp=6 because from rp=5 to rp=6 work net output
increases and beyond rp=6 work net output continuously
decreases till rp=12. It is observed that the SFC of the
SGTC and PGTC decreases with an increase in TIT. For
TIT=1200 K of PGTC, the work net output continuously
decreases till rp=11 as indicated in figure 3, due to which
the SFC increases, and from rp=11 to rp=12 starts
increasing, which results in a decrease in the SFC during this
range. For TIT=1500 K the work net output of PGTC
continuously decreases till rp=12 results in a continuous
decrease in the SFC. The SFC of the PGTC, for TIT=
1200 K and SGTC TIT=1500 K at rp=6.5 and rp=12,
are equal.

The concept of the combined cycle comes into the picture
to utilize the energy loss from the exhaust gases of the gas
turbine cycle, so it is very important to do a comparative analysis
of the exergy loss from the exhaust gases of the PGTC with the
SGTC. Figure 6 shows the comparative analysis of the exergy
loss from the exhaust gases of the PGTC and SGTC w.r.t the
pressure ratio for TIT=900–1200 K. It can be observed from
figure 6 that exergy loss due to the exhaust gases of the PGTC is
much lower than the exergy loss due to the exhaust gases of the
SGTC. For TIT=900K, 1200K and 1500K, the exergy loss
from the exhaust gases of the PGTC decreases by 73.1% to
98.7%, 48.6% to 92.8%, and 64.7% to 93.7% respectively. It is
noted that the BPV plays a vital role in decreasing the exergy
loss of the exhaust gases. In the PGTC for TIT=900 K the
exergy loss from the exhaust gases when BPV-2 and BPV-3
close, decreases by 96.1%, as compared to when BPV-1 close
and BPV-2 open, whereas for TIT=1200 K the exergy loss
from the exhaust gases when BPV-1 close and BPV-2 open,
decreases by 86.6% compared to when BPV-2 and BPV-3 close.

The total exergy loss of the plant is the summation of the
exergy loss of each component of the plant. If the number of
components increases, the total exergy loss of the plant also
increases accordingly. Figure 7 shows the total exergy loss of
the plant w.r.t the pressure ratio for TIT=900–1200K. It is
noted that the total exergy loss of the PGTC, as well as the
SGTC, increases with an increase in the pressure ratio and TIT,
but the total exergy loss of the PGTC is much higher than for
the SGTC. The total exergy loss of the PGTC for
TIT=900 K, TIT=1200K and TIT=1500K is 33% to
92.5%, 38.3% to 124%, 77% to 140% higher than the total
exergy loss of the SGTC. Exergetic efficiency is defined as the
ratio of work net output of the cycle to the sum of the work net
output and total exergy loss of the cycle. Figure 8 shows the

Figure 4. Variation in thermal efficiency (hth) w.r.t pressure ratio (rp)
at TIT=900–1200 K.

Figure 5. Variation in specific fuel consumption (SFC) w.r.t pressure
ratio (rp) at TIT=900–1200 K.
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exergetic efficiency of the PGTC and the SGTC with respect to
the pressure ratio for TIT=900–1200K. It can be noted from
figure 8 that the exergetic efficiency of both the PGTC and
SGTC increases with an increase in TIT, but the exergetic
efficiency of the SGTC is less than the exergetic efficiency of
the PGTC because the total exergy loss of the SGTC is less
than the total exergy loss of the PGTC.

5. Conclusion

A parametric investigation for energy and exergy analysis has
been carried out for the PGTC and the SGTC using the Ist and
IInd law of thermodynamics. H.E.s and bypass control valves
were positioned in such a way that the PGTC produce opti-
mum performance in term of energy point of view by varying
the pressure ratio and TIT of topping cycle which results in
cost of power production and minimizes the exergy loss by
the exhaust gases from the topping cycle, that contribute in
controlling the global warming. Based on the analyses, as

Figure 6. Variation of exergy loss by exhaust gases (EExh) w.r.t pressure ratio (rp) at TIT=900–1200 K.

Figure 7. Variation in total exergy loss (ETotal) w.r.t pressure ratio (rp) at TIT =900–1200 K.

Figure 8. Variation of exergetic efficiency (hE) w.r.t pressure ratio
(rp) at TIT =900–1200 K.
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discussed in section 4, the following conclusions have been
drawn:

• TIT plays a significant role in increasing the work net
output and thermal efficiency of both the PGTC
and SGTC.

• The introduction of BPV and a H.E. in the PGTC
increases the energy performance in terms of net output,
as well as the thermal efficiency of the cycle, especially
for the lower range of TIT.

• The opening and closing of the BPV direct the exhaust
gases from the gas turbine of the topping cycle in the
PGTC in such a way that maximum heat can be extracted
to optimize the combined cycle performance.

• To consider a range of TIT and pressure ratio, the
maximum increase in work net output and thermal
efficiency of the PGTC as compared to the SGTC is
noted as being 65.7% at rp=4 and TIT=1500 K.

• The exergy loss from the exhaust gases increases with
pressure ratio and TIT for both the PGTC and SGTC.

• The exergy loss from the exhaust gases of the PGTC is
much less than the exergy loss from the exhaust gases of
the SGTC.

• To consider a range of TIT and pressure ratios, it is noted
that the maximum difference in exergy loss from the
exhaust gases of the PGTC, as compared to the SGTC, is
found for the work net output and thermal efficiency of
the PGTC to be at a maximum, that is, at rp=4 and
TIT=1500 K.

Finally, the present study proves that the proper combi-
nation of the BPV and H.E.s is a significant factor in opti-
mizing the cycle performance as observed in PGTC, and to
minimize the exergy loss by the exhaust gases.
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