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Abstract – The aim of this study is to improve the gas turbine operating conditions, used in the gas
compression station of Marand, from the energy, exergy and economic points. The most important problems
of these turbines are the low thermal eﬃciency due to the high heat losses, consuming large amounts of
natural gas at the gas turbine start-up time in the starter system, turbine dependence on external electrical
energy sources, as well as the high costs of fuel supply for the turbine and power consumption in auxiliary
equipments. In this study the application of heat recovery steam generator to reduce the heat losses and
increase the eﬃciency of combined cycle besides the replacement of the ineﬃcient existing starting system
are suggested. Furthermore, the eﬀects of inlet air temperature, load, pinch point and steam injection to
the turbine combustor are investigated in the energy and exergy balance equations and the unit exergy
cost rates. Moreover, the costs related to the start up of a gas turbine, the fuel consumption and electrical
energy are estimated. Results reveal that suggestive system not only can make the gas compression station
independent from the external energy sources, but it also can reinforce the eﬃciency of the system and
reduce the carrying costs. As with the 0.5 kg.s−1 steam injection to the combustion chamber of the gas
turbine, at the inlet air temperature of 288 K and the pinch point of 10 K, the eﬃciency of the combined
cycle increases 5 percent. Also the economic saving of this suggested system is about 79.68 dollars per
each functional hour of the gas turbine and for the station running in its full load and design condition
the amount of economic savings will exceed to 247 000 dollars in month.
Key words: Gas compression station / heat loss / exergy / heat recovery / starter turbine

1 Introduction
In today’s world due to industrial developments and
population growth the demand for energy consumption is
increasing and eﬀorts to secure energy resources and deliver it to the consumers are of the main challenges. Currently, natural gas is one of the main energy providing
sources that has signiﬁcant contribution in energy supply.
It is needed for main industries and thermal energy consumption in domestic applications. So the role of natural
gas in the industrial economy and society is revealed [1].
Delivering in time and much-needed source of energy
to the end consumer has paramount importance. Today,
natural gas is transported through pipelines. Along the
gas pipeline due to frictions and crossing altitudes the
gas pressure inside decreases. This pressure drop prevents
the gas to move forward along pipeline. To compensate for
a
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the pressure drop, gas compression stations along the gas
pipelines are used. In gas compression station using centrifugal compressors the pressure of gas through pipeline
increases. The driving force of these compressors is provided from the gas turbines which are coupled to them.
The most important energy consumptions in gas compression stations are fuel consumption in gas turbines,
electrical power consumption of the turbine equipments,
electrical power consumption in air coolers to cool down
the high-pressure compressed natural gas and the high
temperature lubrication oil, natural gas consumption in
expansion starter turbine and electrical power consumption in the electric heater to increase the temperature of
the turbine fuel.
Some of the major problems of the existing system are
mentioned below:
(1) In the studied gas compression station the thermal
eﬃciency of the gas turbines is approximately 30%
and this means that about 70% of the fuel energy is
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Nomenclature
P
T
Ẇ
ṁ
CP
S
I
η
hl
γ
ϕ
Ėx
CRF
pp
h

(2)

(3)
(4)

(5)

Pressure (bar)
Temperature (K)
Power (kW)
Mass ﬂow (kg.s−1 )
Speciﬁc heat at constant pressure (kj.kg−1 .K−1 )
Entropy (kj.kg−1 .K−1 )
Irreversibility (kW)
Eﬃciency
Heat loss percent (–)
Speciﬁc heat ratio
Operating and maintenance factor
Working ﬂuid exergy (kW)
Capital recovery factor
Pinch point (K)
Working ﬂuid enthalpy (kj.kg−1 )

excreted to the environment without any use as an
exhaust heat loss.
The heat losses from the walls of the gas turbine combustion chamber are considered of other problem that
reduces the system eﬃciency and leads to deployment
and installation of auxiliary equipments for turbine
cabin cooling and this increases the electrical power
consumption of the gas turbine.
There from in gas turbines, natural gas is usually used
as the fuel, so the cost of this fuel supply is high.
The existing expansion starter turbine discharges
large amount of natural gas into the atmosphere. Due
to the high costs to explore, reﬁne and deliver the
natural gas to end users, this amount of natural gas
discharging into environment causes huge losses in ﬁnancial assets and energy resources and also environmental pollutions.
Dependence of the existing system to electrical power
consumption in air coolers, electrical heater and
blower fans is one of the major weaknesses of the gas
compression stations in a way that in the event of
power failure, the unit will stop working.

One of the most eﬀective ways to prevent heat losses in gas
turbines is to use heat recovery steam generator system.
In this system by the thermal energy of the turbine exhaust gases, steam is generated and is used in steam turbine to produce electrical power. This can be an excellent
source of electrical energy supply in required gas turbine
equipments and make the gas compression unit independent of external electrical energy source. In addition, the
amount of produced steam can be used to increase turbine
eﬃciency by steam injection into the combustion chamber. Some of the activities in the ﬁeld of heat recovery
steam generator in gas turbines are as follows.
Sue and Chuang [2] in 2004 evaluated a combined cycle of gas turbine from the perspective of second law of
thermodynamics and calculated the thermodynamic second law eﬃciency with good accuracy. They observed
that the second law eﬃciency of the combined cycle for
the part loads became less than full load and the pinch
point enhancement reduced the eﬃciency of the cycle.
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Z
LHV
Ż

Purchase cost of the component ($)
Low heat value (kj.kg−1 )
Capital cost ﬂow ($.h−1 )

Subscripts and abbreviations
a
Actual
s
Isentropic
g
Gas
D
Destruction
LPT
Low pressure turbine
HPT
High pressure turbine
comp
Compressor
GT
Gas turbine
st
Steam turbine
HRSG Heat recovery steam generator

Also cooling the entering air to the gas turbine and preheating the fuel increased its net power.
Wang et al. [3] in 2007 studied an existing simple gas
turbine cycle as the basic system and converted into the
modiﬁed system with either inlet air cooling and steam
injection to the gas turbine. The calculated results indicated that the system with steam injection had the
best eﬃciency improved from 29.3% to 39.9% and thus
the shortest payback period, while the system with both
steam injection and inlet air cooling achieved the greatest
power capacity increased from 52.1 MW to 96.8 MW.
Yang et al. [4] in 2009 investigated thermodynamically the inﬂuences of inlet air cooling using an absorption chiller system in a combined cycle of gas turbine over
the eﬃciency and net power and estimated the resulting
savings in power generation in a non-cooling cycle and in
the proposed new cycle.
Lee et al. [5] in 2010 investigated the eﬀects of simultaneous injection of water and steam into the combustion
chamber of a gas turbine in a combined cycle of gas turbine. The most important results of this study can be
noted to increase in the eﬃciency and net power in a
combined cycle with steam injection to the turbine combustor.
Basrawi et al. [6] in 2011 investigated the eﬀects of
environmental temperature on the performance of combined cycle of gas turbine in areas with cold climates and
achieved the following results:
1. Electrical eﬃciency decreased with increasing ambient
temperature.
2. With increasing temperature the amount of heat recovered from the exhaust gases increased.
3. The fraction of heat recovery to produced power, increased with increasing ambient temperature.
Carazas et al. [7] in 2011 studied the capability of heat recovery system eﬃciency in a combined cycle power plant.
Sayyaadi and Mehrabipour [8] in 2012 investigated the
second law eﬃciency of a gas turbine cycle by using a
heat exchanger in the turbine exhaust and reheating the
intake air. Then they calculated the time of investment
return after installing heat exchanger in three diﬀerent
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ambient temperatures. The second law of thermodynamics decreased with increasing ambient temperature and
the time of investment return also increased.
Maya and Kribus [9] in 2012 proposed a plan that uses
solar energy and thermal energy of the exhaust gases, to
produce steam. Then steam was injected into the combustion chamber. In this study it was shown that increasing
the mass fraction of water vapour in the entering air to
the combustion chamber increases the power output of
the turbine. The maximum contribution of solar energy
to provide the heat needed for steam generation is 50%
and a maximum eﬃciency in this system is 37%.
Ganjeh Kaviri et al. [10] in 2013 studied the combined
cycle power plant with HRSG dual pressure and ﬁring
system. The eﬀects of HRSG inlet gas temperature on
the steam cycle eﬃciency and CO2 emission were investigated in this research. The results revealed that increasing
HRSG inlet gas temperature led to increase in the thermal
eﬃciency and exergy eﬃciency of the cycle until 650 ◦ C
and after that decreased. Also from the exergy analysis
of HRSG, it was cleared that the HP-EV and 2st HP-SH
have the most exergy destruction respectively.
Feng et al. [11] in 2014 discussed about the dual pressure HRSG with three diﬀerent layouts of Taihu Boiler
with speciﬁed values of inlet temperature, composition
of ﬂue gas, mass ﬂow rate and water/steam parameters
as temperature, pressure, steam mass ﬂow rate and heat
eﬃciency of diﬀerent heat exchangers layout of HRSG.
Analysis was based on the laws of thermodynamics and
energy balance equations for the heat exchangers. The results of the steam mass ﬂow rate, heat eﬃciency obtained
for three heat exchangers layout of HRSGs and compared
with each other. It was found that the optimization of
heat exchangers layout of HRSGs has a great signiﬁcance
for waste heat recovery and energy conservation.
Although there are some papers about heat recovery systems in gas turbines in literature, but they have
not investigated the use of this system in gas compression stations and there is not any speciﬁc research about
the eﬀects of inlet air temperature, steam injection and
pinch point on the amount of total energy savings, plant
eﬃciency, irreversibilities and economic savings and investment return rate in real operating conditions of these
plants. Also there is not speciﬁc research about the economic analysis of replacing the existing gas turbine starting system with other alternatives.
The aim of this work is to evaluate the gas compression station installed in Marand city from the point of energy, exergy and exergoeconomic view with an approach
to reduce energy consumptions and costs. In this station
there are ﬁve gas turbines in parallel formation which
supply the driving forces of the gas compressors. These
gas turbines are the major consumers of energy in this
plant. Due to the low eﬃciency of the gas turbines, large
amounts of energy are wasted through exhaust gasses.
Furthermore, the starting system of the existing gas turbine is a kind of expansion turbine, with the natural gas
working ﬂuid which ends large amounts of natural gas

into the atmosphere during turbine start up and adds the
ineﬃciency of the existing system.
In this research the use of exhaust gases thermal energy is investigated to produce steam and electrical power.
This free extra electrical power can be used in electrical
facilities of the gas turbine unit and the gas compression station can be independent from foreign electrical
energy sources. In addition the eﬀects of inlet air temperature, steam injection to the combustion chamber and
the pinch point are studied on the combined cycle performance parameters including fuel consumption, net power
production, irreversibilities, economic savings and investment return. Moreover, the possibility of replacing the
existing gas turbine starter system is considered. For this
purpose a comprehensive thermodynamic model for the
total suggestive gas compression station with all equipments including gas turbine, gas compressor, air coolers
and heat recovery steam generator has been developed.
This model is capable of providing all the predictions
of the gas compressor power consumption, gas turbine
power production, gas turbine exhaust temperature, electric power production out of the exhaust gases thermal
energy and the amount of heat transfer in all the existing equipments in diﬀerent working conditions of the gas
compressor and governing climate conditions. In addition,
it is capable of investigating exergy destructions and second law eﬃciencies of various components of the system
equipments and the factors aﬀecting them.

2 Description of the existing gas compression
station
The studied gas compression station has been formed
out in four main parts consisting of turbines fuel temperature and pressure control unit, gas turbine and gas compressor, ﬁlters and cooling airs. Figure 1 schematically
shows the conﬁguration of the existing station. Natural
gas is received via two diﬀerent points out of gas transport pipeline and enters in to the plant. At ﬁrst, the fuel
gas is being conditioned including ﬁltration, pressure regulation and temperature adjustment. This gas is used in
other components of the station such as expansion starter
turbine, buildings and emergency power generator. In the
next phase natural gas passes through the ﬁlter and then
enters into the gas compressor. The compressed high pressure natural gas cools down in air coolers and ﬁnally is
delivered to the pipeline.
Tables 1 and 2 have summarized the most important
energy consumptions and performance parameters in the
present plant respectively.

3 Proposed gas compression station
As shown in Figure 1 in the gas compression station,
hot exhaust gases of the gas turbine, with the temperature
of about 480 ◦ C in station’s nominal load are sent into the
atmosphere. On the other hand an expansion turbine is
510-page 3
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Fig. 1. General scheme of the studied gas compression station.
Table 1. Energy consumptions for the existing gas turbine auxiliary equipments.
Equipment type

Unit

Gas coolers
Ventilation fans
Oil coolers
Oil vapour separator
Electrical heater
Total

kW
kW
kW
kW
kW
kW

Energy consumption
in full load
37*4
26*2
8.8*2
5.5
27
250

Table 2. Studied gas turbine performance parameters.
T1 K
T2 K
T3 K
T4 K
T5 K
P1 bar

288
652
1310
994
775
1.01

P2 bar
P5 bar
ηmech
Turbine net power MW
Gas compressor max power MW

12.5
1.01
33.3
11.5
7.9

used to start up the gas turbine with natural gas working ﬂuid at the temperature and pressure of the fuel gas.
High pressure natural gas drives the expansion turbine
and then it is vented to the atmosphere. At the moment
the gas turbine is being self sustained, the starter turbine
stops. In the existing starting system large amount of natural gas is lost every time the turbine is being started
and this makes it ineﬃcient and adds pollutions to the
environmental as well. In this regard, the most important
methods to improve of existing gas compression station
and increase the eﬃciency of the gas turbine cycle are put
forward.
1. In the case of studied gas compression station, it is
necessary to note that the applied expansion starter
turbine is designed primarily on the bases of steam
working ﬂuid, but in the present system without
510-page 4

Energy consumption
in minimum load
37*1
11.1*2
2.2*2
5.5
12.7
81.8

regarding to the issue, the working ﬂuid has been
changed to natural gas. This is probably due to the
abundant accessibility of natural gas in these plants.
The main problems of this system are the loss of large
amount of gas during the turbine start up and the
probability of gas leakage inside the turbine cabin and
eventual explosions. In this work it is proposed to use
an electrical starter to crank the air compressor of gas
turbine. The electrical starter provides smooth acceleration from rest, up to a speed at which the fuel ﬂows
through the engine and provides suﬃcient power for
the turbine to be self sustained.
2. The operation of studied gas compression station is
highly related to the external electrical energy sources.
In Figure 2 the proposed gas compression station and
the equipments conﬁgurations are shown.
When the gas turbine is running in the full load much
more energy is needed than it runs in the minimum
load. It is obvious from the table, in the case of external electrical power failure the gas compression unit
will stop running immediately. In the proposed system
much more than this amount of energy can be produced from the exhaust gas thermal energy by employing a heat recovery steam generator. In this plan after
the gas turbine reaches to the steady state operating
condition the steam will be generated in the HRSG.
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Fig. 2. Proposed system for the studied gas compression station.

This generated steam will produce power in the existing expansion steam turbine. This extra free power
can be used in an electrical power generator to produce electrical energy. Thus the gas turbine unit will
be independent from external electrical power sources.
This generated electrical power is suﬃcient for the
overall energy consumptions of the gas turbine auxiliary equipments.
3. A mass fraction of steam produced in the heat recovery steam generator can be injected into the combustion chamber of the gas turbine in order to increase turbine net power. It is also quite practical and
executable because steam injection pipelines into the
combustion chamber have already been predicted thus
there is no need for a change in the structure of a gas
turbine combustor.
4. On the other hand the discharged hot gasses emerging
from the heat recovery steam generator can be used
to increase the temperature of turbine fuel gas hence
the electrical power consumption in the electric heater
can be removed. Application of these improvements
is only possible when the gas turbine is running and
according to the special conditions of the plant, it’s
functioning can almost be considered uninterrupted.
Therefore, the proposed system will have a good performance all year.

4 Gas compression station modelling
To simulate the proposed gas compression station the
integrated thermodynamic model has been developed In
the following, the ﬁrst and second law of thermodynamic
modelling of the system components are presented.

4.1 The first law of thermodynamics
Figure 3 shows the overview of existing gas turbine
open cycle with T -S diagram. As indicated in the ﬁgure, the processes of compression in air compressor and
expansions in both high pressure and low pressure turbines have deviancies from isentropic processes due to the
irreversibilities.
4.1.1 Air compressor
The air compressor of the studied gas turbine is an
11 stage axial compressor with the isentropic eﬃciency of
about 80 percents. The driving force of the air compressor is supplied from the high pressure turbine. Maximum
pressure ratio of the air compressor is 15.5:1 and the compression process is irreversible and adiabatic. The model
equations for the air compressor are as follows [12]:

Ẇcomp,s =
Ẇcomp,a =

T2s

T1
 T2a
T1

ṁair Cp,air (T ) dT

(1)

ṁair Cp,air (T ) dT

(2)

Ẇcomp,s
Ẇcomp,a


 γ1

P2
T2s γ1 −1
=
P1
T1
ṁ1 = ṁ2a + ṁcooling

ηi,comp =

(3)

(4)
air

(5)
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Fig. 3. Gas turbine open cycle scheme and T -S diagram.

Since the air compressor discharge temperature is between 300–800 K, the heat capacity of air is obtained
from relevant Equation (6) [13]:




3.8371
9.4537
Cp,air = 1.04841 +
T+
T2
104
107




5.49031
7.9298
3
+
T +
T 4 (6)
1010
1014
4.1.2 Combustion chamber
In the combustion chamber of the gas turbine, natural
gas fuel with the lower heating value of about 50 Mj.kg−1
enters in to the air and the combustion process begins
and the fuel energy releases. The combustion in the gas
turbine is an adiabatic process with the pressure drop
of about 0.2 percents of air compressor discharge pressure [14]. Inlet air to the combustor in unimproved and
basic gas turbine cycle is a non-steam injected mixture.
On the other hand, emissions of the nitrogen oxides
are produced in the combustion chamber via the reactions between nitrogen and oxygen. The combustion modelling equations have been carried out based in Equations (7)–(9):
ṁfuel (LHV)fuel = (ṁg )Cp,g (T3 ).T3 − ṁair Cp,air (T2,a )T2,a

4.1.3 High and low pressure turbines
Hot gasses of the combustion chamber initially enter
into the high pressure turbine and then pass through the
low pressure one. Both turbines isentropic eﬃciencies are
about 82 percents. The driving forces of the air compressor and the gas compressor are provided via high pressure
and low pressure gas turbines respectively. Both turbines’
expansion processes are considered irreversible and adiabatic. The equations of the gas turbines modelling are as
follows [15]:
 T4a
(ṁg )Cp,g (T )dT
(10)
ẆHPT,a =
T3
T5a


ẆLPT,a =

T4a

(ṁg )Cp,g (T )dT

Ẇturb,a
Ẇturb,s
3

 γ γ−1
3
p4a
T4s
=
p3
T3
4

 γ γ−1
4
T5s
p5a
=
p4
T4
p3 = p2 − 0.02p2

ηi,turb =

(11)
(12)

(13)
(14)
(15)

(7)
ṁg = ṁair + ṁfuel

(8)

According to the hot gasses temperature range in the
combustion chamber which is between 800–2200 K, so
the heat capacity is obtained out of Equation (9) [13]:




6.99703
2.7129
Cp,g = 0.991615 +
T
+
T2
105
107


1.22442
−
(9)
T3
1010
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4.1.4 Heat recovery steam generator (HRSG)
The HRSG system consists of three sections including
economizer, evaporator and super heater. In this system
hot gasses and steam, ﬂow in opposite directions. Thus,
hot gasses cross over the super heater, evaporator and
the economizer respectively. The temperature and pressure ranges of steam generator are set on the bases of
the expansion steam turbine performance parameters. According to the amount of steam production in the steam
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Table 3. Steam turbine speciﬁcations∗ .
Parameter
maximum power generation
Maximum inlet pressure
Maximum inlet temperature
Maximum outlet pressure
Maximum speed
Inlet diameter
Exhaust diameter

Unit
kW
bar
K
bar
rpm
mm
mm

following equations:

Value
746
46
713
11
4300
100
200

Ẇst = ṁst (h9 − h10 )
Ẇpump = ṁst (h12 − h11 )

(21)

The gas turbine and combined cycle eﬃciencies are obtained according to the relations (22) and (23) [17]:
ηGT =

∗

Available at: www.dresser-rand.com/products/steam/
singlestage/rla.php.

generator, a mass fraction of the steam is injected into the
combustion chamber in the proper pressure. The combustion chamber pressure varies according to the operating
condition of the gas turbine. So the steam pressure is
adjusted in to the appropriate pressure. Since the steam
pressure is available then the saturation temperature of
the desired pressure is achievable. According to the pinch
point, the hot gas temperature over the evaporator outlet
is obtained. The diﬀerence between the economizer inlet and the evaporator outlet temperature is also considered negligible [16]. Employing the energy balance equation between hot gases and steam in the heat recovery
steam generator, from evaporator outlet until the super
heater exit, the mass ﬂow rate of the produced steam is
obtained. In order to calculate the hot gasses temperature over the super heater inlet and over the economizer
inlet the corrector-predictor Equations (18) and (19) are
used [16].
T7 = T13 + P P
ṁg (Cp,5a T5a − Cp,7 T7 ) (1 − hl)
ṁs =
(h9 − h13 )
Cp,5a T5a
ṁs (h9 − h14 )
T6 =
−
Cp,6
ṁg Cp,6 (1 − hl)
Cp,7 T7
ṁs (h13 − h12 )
T8 =
−
Cp,8
ṁg Cp,8 (1 − hl)

(20)

(16)
(17)
(18)
(19)

4.1.5 Steam turbine
The applied steam turbine is the same starting expansion turbine mounted on the air compressor of the gas turbine. When the gas turbine is self sustained the existing
automatic clutch separates the air compressor and the
starter turbine and then the starter turbine stops. The
existing start up turbine system is essentially a smallscale steam turbine. In the present study it is proposed
to couple the starter turbine with the generator to produce electrical power after the gas turbine reaches to the
steady state condition. Steam turbine speciﬁcations are
presented in Table 3.
The power production in the steam turbine and the
water pump power consumption are calculated using the

ηComined cycle =

Ẇ LPT,a
ṁfuel(LHV)fuel

(22)

Ẇ LPT,a + ẆST − ẆPUMP
ṁfuel(LHV)fuel

(23)

4.2 Second law of thermodynamics
Exergy analysis of thermodynamic systems helps to
improve the ways of energy use in them. Accordingly
exergy studies in many systems especially in combined
cycle power generation are expanding rapidly. In general exergy consists of four main components of chemical,
physical, kinetic and potential exergy. Since the little altitude and speed changes, potential and kinetic exergies
are neglected [17]. The physical exergy is deﬁned based on
the maximum obtainable work of the system in contact
with the environment. The chemical exergy is the chemical potential between the existing and the equilibrium
compounds. Using the second law of thermodynamics the
exergy balance equation is written as relations (24)–(27):
ĖxQ +

ṁin exin =

ṁout exout +ĖxW + ĖxD (24)
e

i


ĖxQ =

T0
1−
Ti


Q̇i

(25)

ĖxW = Ẇ
exph = (h − h0 ) − T0 (s − s0 )

(26)
(27)

In the following the exergy balance and the second law
eﬃciency equations are written for air compressor, combustion chamber, gas turbine and heat recovery steam
generator respectively [18].
Air compressor exergy
ṁair ex1 + Ẇcomp,a = ṁair ex2a + Icomp
Icomp
ηII,comp = 1 −
Ẇcomp,a

(28)
(29)

Combustor exergy
ṁair ex2a + ṁfuel exfuel = ṁg ex3 + Icomb
exfuel = exph,f + exch,f
exch,f = ζ(LHV)fuel

(30)
(31)
(32)

For the fuels with Cx Hy compounds [19]:
ζ = 1.22 + 0.0169

y 0.0698
−
x
x

(33)
510-page 7

M. Javadzadeh et al.: Mechanics & Industry 16, 510 (2015)

Gas turbine exergy:
ṁg ex3 = ṁg ex5a + ẆLPT,a + Iturb
ηII,turb =

Ẇturb
Ẇturb + Iturb

(34)
(35)

sum of cost rates of all entering exergy streams plus the
appropriate charges due to capital investment (ŻkCl ) and
operating and maintenance expenses (ŻkOM ). The sum
of the last two terms is denoted by (Żk ). Accordingly,
for a component receiving a heat transfer and generating
power [23]:

Steam generator exergy

Ċe,k + Ċw,k = Ċq,k +

IHRSG = ṁgas [(h5a − T0 s5a ) − (h8 − T0 s8 )]
+ ṁst [(h12 − T0 s12 ) − (h9 − T0 s9 )]
ηII,HRSG =

ṁst [(h12 − T0 S12 ) − (h9 − T0 S9 )]
ṁgas [(h5a − T0 S5a ) − (h8 − T0 S8 )]

e

(36)
(37)

The conventional energy analysis does not provide any
information about economical evaluations but essential
to design the cost-eﬀective systems. By combination of
exergy analysis and economics the new branch of engineering called thermo economic is developed. The term
exergoeconomics can also be utilized to explain the conformation of exergy analysis and economics [20]. Exergy
destructions and exergy losses are used to evaluate the
thermodynamic deﬁciencies and their costs. Knowledge
of these costs is very useful for improving the cost eﬀectiveness of the system that is, for reducing the costs of
the ﬁnal products produced by the system [21]. In steady
state thermodynamic system, a cost balance equation for
the economic analysis is as follows:
ĊP,total = ĊF,total +

+

OM
Żtotal

(38)

The cost balance shows that the cost rate related with
the product of the system (ĊP ) equals the total rate of
expenditures made to generate the product, namely the
fuel cost rate (ĊF ) and the cost rates associated with capCl
) and operating and maintenance
ital investment (Żtotal
OM
(Żtotal ). The variable (Ċ) denotes a cost rate associated
with an exergy stream: stream of matter, power, or heat
transfer while the variable (Ż) represents all remaining
costs.
In exergy costing a cost is associated with each exergy
stream. Thus, for entering and exiting streams of matter
with associated rates of exergy transfer and power and
the exergy transfer rate associated with heat transfer, respectively [22].

k

+ cw,k Ẇk = cq,k Ėq,k +

of

ci Ėi

Equa-

k

+ Żk

ccompẆcomp = c2 Ėx2 − c1 Ėx1 − Żcomp

(45)

0 = c3 Ėx3 − c2 Ėx2 − cfuel Ėxfuel − Żcomb
(46)
cHPT ẆHPT = c4 Ėx4 − c3 Ėx3 − ŻHPT

(47)

cLPT ẆLPT = c5 Ėx5 − c4 Ėx4 − ŻLPT

(48)

0 = c8 Ėx8 − c9 Ėx9 − c5 Ėx5 − c12 Ėx12
− ŻHRSG

(49)

−cST ẆST = c10 Ėx10 − c9 Ėx9 − ŻST

(50)

−cCond ĖxCond = c11 Ėx11 − c10 Ėx10 − ŻCond

(51)

cpump Ẇpump = c12 Ėx12 − c11 Ėx11 − Żpump

(52)

cfuel Ėxfuel = Cfuel

(53)

The following relations are used to calculate the capital
cost ﬂow [24]:
Żk = Zk CRF φ/ (N × 3600)
CRF =

(54)

n

i (i + 1)
n
(i + 1) − 1

(55)

In which i, is the interest rate and n is the total operating
period of the system in years. N is the annual number
of the operation hours of the unit, and ϕ (1.06) is the
maintenance factor.
The second law eﬃciency of the combined cycle is obtained from Equation (56).
ηII,combined cycle =

Ėxw,net
ẆLPT + ẆST − Ẇpump
=
Ėxin
Ėx1 + Ėxfuel
(56)

Ċi = ci Ėi = ci (ṁi ei )

(39)

Ċe = ce Ėe = ce (ṁe ee )

(40)

Ċw = cw Ėw

(41)

5.1 Energy analysis

Ċq = cq Ėq

(42)

In this research the eﬀects of inlet air temperature,
gas turbine load, pinch point and steam injection into
the combustor on performance parameters of the gas turbine cycle as well as mass ﬂow rates, power productions,
temperatures, heat transfers and eﬃciencies have been
studied. Table 4 shows the brief results of these inquiries.

Exergy costing involves cost balances usually formulated
for each component separately. A cost balance applied
to the kth system component shows that the sum of cost
rates associated with all exiting exergy streams equals the
510-page 8

Introducing the cost rate expression
tion (39)–(42), Equation (43) becomes:
ce Ėe

(43)

(44)
Using Equation (44) in every combined cycle component,
the following relations emerge:

4.3 Exergoeconomic analysis of combined cycle

Cl
Żtotal

Ċi,k + Żk
i

5 Result of the model and discussion
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Table 4. Eﬀects of inlet air temperature, load, pinch point and steam injection on combined cycle.
Parameter
Constant value
Unit
ṁair [kg.s−1 ]
ṁsteam
ṁfuel [kg.s−1 ]
Ẇcomp [kW]
ẆLPT [kW]
Ẇsteam [kW]
Ẇpump [kW]
T1 [K]
TTHPT,in [K]
TTLPT,in [K]
TExhaust [K]
T8 [K]
T9 [K]
Pinch Point [K]
Q̇eco [kW]
Q̇eva [kW]
Q̇sh [kW]
Q̇cond [kW]
ηth gas turbint
ηth combined cycle

Inlet air
temperature (T1 )
250
288
320
[K]
[K]
[K]
53.42 46.64
43.34
5.608 6.849
7.551
0.72
0.72
0.72
17 563 17 438 17 289
11 879 11 519 11 039
416.9 647.9
856.6
6.554 7.708
7.967
250
288
320
1160
1308
1406
875.9 992.4
1069
675.1 774.6
847.7
451.7 445.2
441.3
575.1 674.6
747.7
10
10
10
1154
1398
1519
11 100 13 599 15 070
1470
3280
4829
2381
2570
2704
0.332 0.322
0.309
0.344 0.3406 0.3327

Load
54.9%
–
46.64
4.711
0.5
13 770
6324
343.5
5.302
288
1050
789.9
665.8
452.5
565.8
10
961.4
9355
1151
2362
0.2551
0.2688

74.6%
–
46.64
5.746
0.6
15 446
8601
472
6.683
288
1169
883.2
717.4
449.6
617.4
10
1181
11 378
2035
2459
0.2891
0.3048

5.1.1 Eﬀects of inlet air temperature
As Table 4 reveals, increase of gas turbine inlet air
temperature in constant fuel consumption, reduces the
mass ﬂow rate of inlet air. It happens due to the decrease
in air density following the increase of air temperature.
By reducing the mass ﬂow rate of the inlet air to the
air compressor, its power consumption at constant speed
decreases while the gas turbine fuel consumption is constant. On the other hand, because the power production
of the gas turbine is directly correlated to its mass ﬂow
rate, with reduction of the air mass ﬂow rate, the net
power production of the gas turbine slakes. Furthermore,
reduction in the mass ﬂow rate of the inlet air, in the
ﬁxed fuel consumption, augments the equivalence ratio
and the temperature of the combustion products, which
causes the increscent of the gas turbine inlet gases and
the exhaust gases temperatures. By increasing the exhaust temperature, hot gases’ temperatures entering the
steam generator increase, which augments the produced
steam. Increasing the mass ﬂow rate of steam, leads to
the increscent of absorbed energy through vapour from
hot gases which decrease the temperature of outgoing hot
gases from the steam generator. This causes the augmentation of super heated steam temperature and the steam
turbine produced power. By increasing the enthalpy of
the steam entering the steam turbine, the temperature
of leaving ﬂow at the steam turbine ﬁxed isentropic eﬃciency increases, which leads to the increment of the heat
transfer in the condenser. By reducing the output power
of the gas turbine at constant fuel consumption, gas tur-

Pinch point
100%
–
46.64
6.828
0.72
17 438
11 519
643.6
8.199
288
1308
992.4
774.6
446.5
674.6
10
1398
13 599
3280
2570
0.322
0.3406

10
[K]
46.64
6.837
0.72
17 438
11 519
645.4
7.991
288
1308
992.4
774.6
443.9
674.6
10
1407
13 533
3261
2575
0.3227
0.3405

30
[K]
46.64
6.416
0.72
17 438
11 519
605.6
7.499
288
1308
992.4
774.6
467.3
674.6
30
1320
12 699
3060
2570
0.3227
0.3394

50
[K]
46.64
5.989
0.72
17 438
11 519
565.4
7.001
288
1308
992.4
774.6
490.6
674.6
50
1233
11 855
2857
2565
0.3227
0.3383

Injected
steam
0
0.25
0.50
[kg.s−1 ] [kg.s−1 ] [kg.s−1 ]
46.64
46.64
46.64
6.849
6.417
5.983
0.72
0.682
0.6453
17 438
17 757
18 071
11 519
11 519
11 519
647.9
548.4
459.8
7.707
7.463
7.184
288
288
288
1308
1275
1243
992.4
968.4
945.1
774.6
750.2
726.8
443.9
447.1
450.2
674.6
650.2
626.8
10
10
10
1398
1319
1239
13 599
12 706
11 816
3280
2725
2228
2575
2523
2472
0.322
0.3412
0.3608
0.340
0.357
0.375

bine cycle eﬃciency decreases, but with the increase of
power production of the steam turbine, the eﬃciency of
the combined cycle almost remains constant.

5.1.2 Eﬀects of the load
Increasing the load of the gas turbine, increases the
fuel consumption and the turbine inlet gas temperature.
Augmentation of fuel at the consumption of constant air,
would increase the temperature of combustion products
which increases the temperature of all point at the combined cycle, but same as the previous situation, the steam
generator’s outlet temperature would decrease due to the
increase in absorbed energy through vapour from hot
gases. More over the eﬃciency of combined cycle would
upraise as a result of the ascending the power production
of the turbine.

5.1.3 Eﬀects of the pinch point
The pinch point is one of the main parameters in designing of heat recovery steam generator which aﬀects the
performance of the steam production cycle. As it is shown
in Table 4 the parameters of the gas turbine cycle, for
diﬀerent values of the pinch points are ﬁxed, but the parameters of steam cycle performance, with the variation
of pinch points are changed. The ascending of the pinch
point means the reduction in energy transfer capability
from hot gases into the steam generator. As it can be
510-page 9
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seen in the table, with increase of pinch point from 10 ◦ C
to 50 ◦ C the amount of produced steam decreases from
6.837 kg.s−1 to 5.989 kg.s−1 . The reduction of produced
steam would decrease the steam turbine power, the eﬃciency of the combined cycle and the rate of heat transfer
in the steam generator and condenser.
5.1.4 Eﬀects of steam injection
Steam injection to the gas turbine combustor is considered as one of the most eﬃcient methods to improve
the performance of gas turbines. Table 4 shows the effects of steam injection into the gas turbine combustor on
combined cycle performance parameters. In these investigation parameters such as the inlet air temperature, the
mass ﬂow rate of the air compressor, the gas turbine net
power production and the pinch point are considered to
be constant. With increasing the mass ﬂow rate of steam
injected into the combustion chamber, the total mass ﬂow
of the gas turbine augments. Since the production power
of gas turbine is directly aﬀected by the mass ﬂow rate, so
the ascending of the mass ﬂow rate would increase the net
power production of the gas turbine. Therefore to maintain the production power of the gas turbine, the inlet
fuel energy should be reduced along with the increase of
the steam injection. The superheated steam is injected in
to the compressed air and the mixture of steam and air
enters the combustion chamber. Since the temperature
of steam is lower than the temperature of the compressed
air the air/steam mixture temperature decreases. Also the
reduction of fuel consumption in the gas turbine constant
net power production would reduce the temperature of
the combustion products which causes to decrease the
turbine inlet gases and the exhaust gases temperature.
Decreasing the HRSG inlet gases temperature, reduces
the mass ﬂow rate of produced steam which causes the
increase in HRSG outgoing gases temperature due to the
reduction of absorbed energy from the vapour. Furthermore, decreasing in the steam mass ﬂow rate reduces the
steam turbine power production and the heat transfer
rate in the condenser. The important point in this issue
is the rise of the eﬃciency of the gas turbine cycle and
combined cycle by increasing the injection of steam into
the gas turbine combustion chamber. As it is revealed
in the results, with increasing the steam injection from
0 kg.s−1 to 0.5 kg.s−1 in the ﬁxed net power production
of the gas turbine, the steam turbine power production
would decrease from 648 to 460 kW. This only does not
reduce the eﬃciency of the combined cycle but it also
raises it from 34 to 37.5 percent. This happens because of
the reduction in the inlet energy of burnt fuel in the gas
turbine combustion chamber according to Equations (22)
and (23).
5.2 The exergy-economy analysis
In this part of the study the combined cycle is investigated from the exergy and economy point. Table 5 shows
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Table 5. The exergy rate, cost ﬂow rate and unit exergy cost
at various pipelines.
Pipe No.
1
2
3
4
5
8
9
10
11
12
fuel

Ėx
[kW]
8.04
15 715
39 108
20 804
8556
266.9
7338
5897
534.3
541.1
35 975

Ċ
[$.h−1 ]
0
770.8
1547
822.9
338.4
10.56
359.2
288.7
26.15
26.49
771.1

c
[$.kw−1 .h−1 ]
0
0.04905
0.03955
0.03955
0.03955
0.03955
0.04895
0.04895
0.04895
0.04895
0.02143

Table 6. Natural gas compositions.
Component
CH4
C2 H6
C3 H8
C4 H10
i-C4 H10
C5 H12
i-C5 H12
neo-C5 H13
C6 H14
N2
CO2

Mole fraction
(%)
89.5650
3.3060
1.1320
0.3020
0.2320
0.0460
0.0690
0.0030
0.0710
4.7300
0.5440

Mass fraction
(%)
80.3470
5.5587
2.7912
0.9815
0.7540
0.185
0.2783
0.00
0.00
7.4103
1.3388

the exergy rate, cost ﬂow rate and the unit exergy cost in
various pipelines. The natural gas is the fuel of interest,
with the composition shown in Table 6 and with the mass
ﬂow rate and the temperature of 2592 kg.h−1 and 298 K
respectively. The highest amount of exergy and exergy
cost are in the products of the combustion which come
out of the combustion chamber. This is due to the high
temperature of the releasing of chemical energy of the fuel.
These results are for the situation that there is no steam
injection to the combustion chamber and the pinch point
is equal 10 K. By applying the exergy-economy balance
equation, for the existing equipments in the combined cycle and simultaneous solution of them, various amounts
of the unit exergy cost in diﬀerent parts of the cycle are
obtained. Furthermore, eﬀects of the inlet air temperature, pinch point and steam injection are investigated on
irreversibility fractions and exergy costs in diﬀerent parts
of the combined cycle.

5.2.1 Eﬀects of inlet air temperature on the irreversibilities
and cost ﬂow rate
Figure 4 shows the irreversibility fractions of combined
cycle components obtained in various inlet air temperatures. In this case the fuel mass ﬂow rate is 2596 kg.s−1
and the pinch point is equal to 10 K without any steam injections. With increasing the inlet air temperature the gas

irreversibility fraction
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0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0

Inlet air temp=250[K]
Inlet air temp=288[K]
Inlet air temp=320[K]

Air comp

C.C.

HPT

LPT

HRSG

ST

Cond.

Pump

Fig. 4. Irreversibility fractions of combined cycle components for various inlet air temperatures.

Cost flow Rate [$/hr]

2500
inlet air temp=250[K]
inlet air temp=288[K]
inlet air temp=320[K]

2000
1500
1000
500
0

2

3

4

5

8

9

10

11

12

Fig. 5. Cost ﬂow rate for the combined cycle pipelines for various inlet air temperatures.

turbine cycle components irreversibilities decrease while
the bottoming cycle increases due to the increase in the
steam mass ﬂow rate.
Figure 5 shows the cost ﬂow rate for the combined
cycle pipelines. The cost ﬂow rate in the gas turbine cycle
pipelines has decreased in higher inlet air temperature
while the bottoming cycles’ have increased. In this regard
following points can be mentioned:

reduction in the temperature and in the mass ﬂow
rate decreases the cost ﬂow rate of point 8.
5. In the other pipelines (9-10-11-12) according to the
increase in exhaust gasses temperature by increasing
the inlet air temperature the steam mass ﬂow rate
and temperature increase and these cause to increase
in the cost ﬂow rate of bottoming cycle pipelines.

1. With increasing the inlet air temperature the mass
ﬂow rate of the inlet air decreases so the total exergy
of the point 2 reduces. In addition the unit exergy
cost reduces and the cost ﬂow rate of point 2 reduces
according to Equation (40).
2. The combustion products temperature increases by
increasing the inlet air temperature. But the unit
exergy cost reduces and causes to reduce the cost
ﬂow rate of point 3. The unit exergy cost for the
250 K, 288 K and 320 K inlet air temperatures are
equal to 0.07656 $.kw−1 .h−1 , 0.07189 $.kw−1 .h−1 and
0.06853 $.kw−1 .h−1 respectively.
3. Points 4 and 5 are similar to point 3. But in point 4
according to the decrease in unit exergy cost and increase in total exergy the cost ﬂow rate remains constant in Equation (40). But in point 5 the exergy increase is greater than the decrease in the value of the
unit exergy cost so the cost ﬂow rate increases.
4. In the pipeline 8 the temperature of the gases decreases according to the results of Table 4. The

5.2.2 Eﬀects of pinch point on the irreversibilities
and cost ﬂow rates
Figure 6 shows the eﬀects of the pinch point on the
irreversibility fractions of bottoming cycle. The running
conditions of the combined cycle are similar to the previous section but with various pinch points. Since the pinch
point does not aﬀect the gas turbine cycle parameters
so the gas turbine cycle components are not considered
in this section. It is seen that with increasing the pinch
point the irreversibility of HRSG increases while the others decrease.
This is due to the steam mass ﬂow rate. The gas turbine cycle mass ﬂow rate entering to the HRSG is constant. By increasing the pinch point the steam mass ﬂow
decreases. The reduction of steam mass ﬂow rate increases
the HRSG irreversibility in Equation (36). On the other
hand the irreversibility fractions of the steam turbine,
condenser and pump decrease due to the reduction of
steam mass ﬂow rate.
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irreversibility fraction

0,1
pinch point=10 [K]
pinch point=30 [K]
pinch point=50 [K]

0,08
0,06
0,04
0,02
0

HRSG

ST

.Cond

Pump

Fig. 6. Eﬀects of the pinch point on the irreversibility fractions of bottoming cycle.

Cost flow rate [$/hr]

600
pinch point=10 [K]
pinch point=30 [K]
pinch point=50 [K]

500
400
300
200
100
0

9

10

11

12

irreversibility fraction

Fig. 7. Eﬀects of the pinch point on the cost ﬂow rate of the bottoming cycle .

0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1
0

injected steam=0 [kg/s]
injected steam=0.25 [kg/s]
injected steam=0.50 [kg/s]

Air comp

.C.C

HPT

LPT

HRSG

ST

.Cond

Pump

Fig. 8. Irreversibility fractions of the combined cycle components for various steam injections.

Figure 7 shows the eﬀects of the pinch point on the
cost ﬂow rate of the bottoming cycle. Increasing the pinch
point in the HRSG reduces the energy absorption of generated steam from entering hot gasses. So the produced
steam mass ﬂow rate decreases. The reduction of steam
mass ﬂow rate reduces the exergy in all bottoming cycle
pipelines and decreases the cost ﬂow rates.
5.2.3 Eﬀects of steam injection on the irreversibilities
and cost ﬂow rates
Figure 8 shows the irreversibility fractions of the combined cycle components for various steam injections. In
510-page 12

this case the inlet air temperature and the fuel mass
ﬂow rate and the pinch point are considered 288 K,
2596 kg.h−1 and 10 K respectively. Increasing in the injected steam in to the combustion chamber led to decrease in some components and increase in others. But
the overall irreversibly of the combined cycle reduced from
18 621 kW to 18 463 kW by 0.5 kg.s−1 steam injection.
Figure 9 shows the cost ﬂow rate of the combined cycle
pipelines for various steam injections. In this case the net
power production of the gas turbine is kept constant by
reducing the fuel consumption. The inlet air temperature
is 288 K and the pinch point is 10 K. According to the
results of Table 4 the air compressor power absorption
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Cost Flow Rate [$/hr]
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injected steam=0 [kg/s]
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Fig. 9. Cost ﬂow rate of the combined cycle pipelines for various steam injections.

Cost flow Rate [$/hr]
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Fig. 10. Eﬀects of energy price on the cost ﬂow rates of the combined cycle.

increases by steam injection. This increases the exergy
and the cost ﬂow rate of point 2. In pipeline 3 the total exergy reduces due to the temperature reduction. But
unit exergy cost increases and raises the cost ﬂow rate
according to Equation (40). The reduction of the temperature in the gas turbine cycle and steam mass ﬂow rate
in bottoming cycle are the main reasons for the cost ﬂow
rate reduction in other points of the combined cycle.

Table 7. Electrical power consumption for gas turbine auxiliary equipments in full load.

5.2.4 Eﬀects of energy price on the cost ﬂow rates

steady state running conditions. The electrical power consumptions for the gas turbine auxiliary equipments in full
load are summarized in Table 7.
The present gas turbine starting system, is an expansion turbine with the working ﬂuid of natural gas. In this
system the high pressure gas enters the starter turbine
in the appropriate pressure and temperature and drives
the turbine and then is vent to the atmosphere. In Table 8 the amounts of consumed natural gas in each start
process are illustrated respectively.
Starting process of the gas turbine consists of three
main sections including start up, purge and ﬁre and the
mass ﬂow rate of the natural gas in each stage is diﬀerent.
It’s important to mention that the same mechanism is
used crank the air compressor in washing process which
wastes much more gas according to the washing duration
and mass ﬂow rate. In Table 9 the price of unit energy,
amount of wasted natural gas in starting and washing,

Figure 10 illustrates the eﬀects of energy price on the
cost ﬂow rates of the combined cycle pipelines in the condition of 288 K inlet air temperature, no steam injection,
10 K pinch point and 2596 kg.h−1 fuel consumption. As
shown in the ﬁgure increasing the energy price in the exergoeconomics equations increases the cost ﬂow rate of all
pipelines.

5.3 Investment recovery considerations
One of the most important approaches of the present
study is to replace the existing ineﬃcient starting system
with other starting methods and use of electrical energy
of steam turbine in the gas turbine auxiliary equipments.
It is clear that this proposed system is proﬁtable in the

Gas Coolers
Ventilation Fans
Oil Coolers
Vapour Separator
Total

No. (In 1 gas turbine)
4
2
2
1
223

Power [kW]
37
26
8.8
5.5
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Table 8. Natural gas consumption for pneumatic starter (per one attempted).
Flow
Duration
For
For
For
For
Starting Washing Starting Washing
kg.h−1
kg.h−1
min
min
Start Up
18 820
7
12 000
20
Purge
12 000
2
Fire
12 000
0.5
Total Natural Gas Consumption

Start
Sequence
1
2
3

the price of electrical power consumption of auxiliaries
and fuel consumption are calculated.
The starting turbine is basically a steam turbine and
is designed for the working ﬂuid of super heated steam.
It is proposed to use it in bottoming cycle to produce
electrical power in steady state running and independent
the gas turbine unit from external electrical energy and
return the surplus amount of electrical power to the urban
power network.
As discussed in the previous section steam injection
to the combustion chamber of the gas turbine led to increase in combined cycle eﬃciency and reduced in the gas
turbine fuel consumption.
In Table 10 the fuel consumption, steam turbine power
production and the price of energy rates are calculated
for various steam injections. With increasing the steam
injection to the combustion chamber the steam turbine
power production decreases due to the reduction of the
steam mass ﬂow rate, on the other hand the fuel consumption decreases by steam injection in gas turbine constant
load. The results reveal that the cost of saved fuel through
the steam injection is greater than the reduction of the
steam turbine power production price. So when the gas
turbine is running in full load in the proposed system, by
injection of 0.5 kg.s−1 steam to the combustion chamber
61 920 dollars will be saved monthly for every turbo compressor unit. Since the studied gas compression station is
designed in the formation of 4+1 (4 units running and
1 standby) in the case of utilizing the proposed system,
247 680 dollars will be saved monthly. All these calculations are based on the gas compressors maximum power
absorptions from the gas turbine in the real working condition of the plant.

6 Conclusions
In the present research we discuss the use of HRSG
system in Marand gas compression station in order to
utilize the gas turbines exhaust gas energies to produce
electrical power in order to make independent the gas turbine unit from external electrical energy investigated and
the eﬀects of inlet air temperature, pinch point, turbine
load and steam injection to the combustion chamber on
the combined cycle parameters studied. Also the prices
of savings according to the production of power in steam
turbine and reduction of fuel consumption through steam
510-page 14

Consumption
For
For
Starting Washing
kg
kg
2196
4000
400
100
2696
4000

Pressure

Temperature

bar
27 to 30

◦

C

15

Table 9. Energy and natural gas price per one start.
Energy price $.GJ−1
Low heat value kj.kg−1
NG price $.kg−1
NG price during start $
NG price during washing $
Turbine facilities $.h−1
Fuel consumption $.h−1

6
49 580
0.2975
802
1190
4.82
771.12

injection are considered. The most important results from
this research are:
1. Increasing the inlet air temperature in the constant
fuel consumption, reduced the gas turbine net power
production, and combined cycle eﬃciencies. On the
other hand the exhaust gasses temperature through
the reduction of the air compressor mass ﬂow rate increased. Increased exhaust gasses temperature led to
increase the generated steam mass ﬂow rate in HRSG
and then the produced power in the steam turbine
increased. In addition the irreversibilities of the gas
turbine cycle decreased while the irreversibility of the
bottoming cycle increased.
2. Increase in the load of the gas turbine, increased
the fuel consumption, gas turbine and steam turbine
power productions and the eﬃciencies of the gas turbine and combined cycle for the air compressor constant mass ﬂow rate.
3. Increasing in the pinch point did not aﬀect the gas
turbine cycle but reduced the steam turbine power
production and bottoming cycle eﬃciency. In addition
in HRSG the irreversibilities increased but it reduced
in steam turbine, condenser and pump while it was
constant in gas turbine cycle.
4. The steam injection to the combustion chamber in the
gas turbine constant power production, reduced the
fuel consumption, combustion products and exhaust
gases temperatures, generated steam mass ﬂow rate in
HRSG and steam turbine power production. But the
eﬃciencies of the gas turbine cycle and the bottoming
cycle increased because of the reduction of the fuel
inlet energy.
5. The results indicate that replacing the ineﬃcient existing starting system will save 2696 kg of natural gas
valued at 802 dollars in each start process. Due to the
power requirements at the moment of start of the gas
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Table 10. Steam turbine power generation prices.
ṁsteam

ṁfuel

GT net power

ẇsteam

ẇsteam

[kg.s−1 ]
0
0.1
0.2
0.25
0.3
0.35
0.4
0.45
0.5

[kg.s−1 ]
0.5684
0.5512
0.536
0.5278
0.5203
0.5165
0.5087
0.502
0.494

[kW]
8000
8000
8000
8000
8000
8000
8000
8000
8000

[kW.h−1 ]
454.8
417.2
383.7
366.7
351
343.2
327.6
313.5
298.1

GJ per hour
1.63728
1.50192
1.38132
1.32012
1.2636
1.23552
1.17936
1.1286
1.07316

turbine the electric motor with power consumption of
about 110 kW can be one of the best options to replace the existing system. In this case the total amount
of energy consumption price is about 0.8 dollars in
each starting attempt. In addition one can start up
the present starting unit with the electrical power of
the further started unit
6. The reduction in the fuel consumption by injecting the
steam in to the combustion chamber of the gas turbine in the maximum required load, led to economic
savings equivalent to 79.68 dollars for an hour work of
a gas turbine unit. When the station is running in its
full load and design condition the amount of economic
savings will exceed to 247 000 dollars in month
Acknowledgements. The authors express their great appreciation to the ﬁnancial support by the National Iranian Gas
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