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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™' 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 247000 dollars in month.
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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 de-
liver it to the consumers are of the main challenges. Cur-
rently, 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 con-
sumption 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
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the pressure drop, gas compression stations along the gas
pipelines are used. In gas compression station using cen-
trifugal compressors the pressure of gas through pipeline
increases. The driving force of these compressors is pro-
vided from the gas turbines which are coupled to them.
The most important energy consumptions in gas com-
pression 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 consump-
tion 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 Pressure (bar) Z Purchase cost of the component (3)
T Temperature (K) LHV Low heat value (kj.kg™')
W Power (kW) Z Capital cost flow ($.h™')
m Mass flow (kg.s™t)
Cp Specific heat at constant pressure (kj.kg™'.K™') Subscripts and abbreviations
S Entropy (kj.kg . K™1) a Actual
1 Irreversibility (kW) S Isentropic
n Efficiency g Gas
hl Heat loss percent (—) D Destruction
0% Specific heat ratio LPT Low pressure turbine
%) Operating and maintenance factor HPT High pressure turbine
E, Working fluid exergy (kW) comp Compressor
R Capital recovery factor GT Gas turbine
pp Pinch point (K) st Steam turbine
h Working fluid enthalpy (kj.kg™!) HRSG  Heat recovery steam generator

excreted to the environment without any use as an
exhaust heat loss.

(2) The heat losses from the walls of the gas turbine com-
bustion 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.

(3) There from in gas turbines, natural gas is usually used
as the fuel, so the cost of this fuel supply is high.

(4) 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 fi-
nancial assets and energy resources and also environ-
mental pollutions.

(5) 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 ex-
haust gases, steam is generated and is used in steam tur-
bine 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 indepen-
dent 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 cham-
ber. 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 cy-
cle of gas turbine from the perspective of second law of
thermodynamics and calculated the thermodynamic sec-
ond 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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Also cooling the entering air to the gas turbine and pre-
heating 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 in-
dicated 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 thermodynami-
cally the influences of inlet air cooling using an absorp-
tion 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 simul-
taneous injection of water and steam into the combustion
chamber of a gas turbine in a combined cycle of gas tur-
bine. 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 com-
bustor.

Basrawi et al. [6] in 2011 investigated the effects of
environmental temperature on the performance of com-
bined 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 re-
covered from the exhaust gases increased.

3. The fraction of heat recovery to produced power, in-
creased with increasing ambient temperature.

Carazas et al. [7] in 2011 studied the capability of heat re-
covery 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 thermodynam-
ics 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 combus-
tion 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 CO4 emission were investi-
gated 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 pres-
sure 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 re-
sults 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 recov-
ery systems in gas turbines in literature, but they have
not investigated the use of this system in gas compres-
sion 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 in-
vestment return rate in real operating conditions of these
plants. Also there is not specific research about the eco-
nomic analysis of replacing the existing gas turbine start-
ing system with other alternatives.

The aim of this work is to evaluate the gas compres-
sion station installed in Marand city from the point of en-
ergy, 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 tur-
bine 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 en-
ergy 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 compres-
sion station can be independent from foreign electrical
energy sources. In addition the effects of inlet air tem-
perature, steam injection to the combustion chamber and
the pinch point are studied on the combined cycle perfor-
mance parameters including fuel consumption, net power
production, irreversibilities, economic savings and invest-
ment 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 equip-
ments 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, elec-
tric power production out of the exhaust gases thermal
energy and the amount of heat transfer in all the exist-
ing equipments in different working conditions of the gas
compressor and governing climate conditions. In addition,
it is capable of investigating exergy destructions and sec-
ond 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 temper-
ature and pressure control unit, gas turbine and gas com-
pressor, 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 trans-
port pipeline and enters in to the plant. At first, the fuel
gas is being conditioned including filtration, pressure reg-
ulation 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 pres-
sure 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
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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  Energy consumption Energy consumption
in full load in minimum load
Gas coolers kW 37*%4 37*1
Ventilation fans kW 26*2 11.1%2
Oil coolers kW 8.8%2 2.2%2
Oil vapour separator kW 5.5 5.5
Electrical heater kW 27 12.7
Total kW 250 81.8

Table 2. Studied gas turbine performance parameters.

T K 288 P2 bar 12.5
Ty K 652 Ps bar 1.01
T3 K 1310 Tmech 33.3
Ty K 994 Turbine net power MW 11.5
Ts K 775  Gas compressor max power MW 7.9
Py bar  1.01

used to start up the gas turbine with natural gas work-
ing 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 nat-
ural 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
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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 accel-
eration 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 exter-
nal electrical power failure the gas compression unit
will stop running immediately. In the proposed system
much more than this amount of energy can be pro-
duced from the exhaust gas thermal energy by employ-
ing 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 ex-
isting expansion steam turbine. This extra free power
can be used in an electrical power generator to pro-
duce 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 aux-
iliary equipments.

3. A mass fraction of steam produced in the heat re-
covery steam generator can be injected into the com-
bustion chamber of the gas turbine in order to in-
crease 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 per-
formance 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 fig-
ure, the processes of compression in air compressor and
expansions in both high pressure and low pressure tur-
bines 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 compres-
sor is supplied from the high pressure turbine. Maximum
pressure ratio of the air compressor is 15.5:1 and the com-
pression process is irreversible and adiabatic. The model
equations for the air compressor are as follows [12]:

. T25
Wcomp,s - maircp,air (T) dT (]_)
T
. Toa
WCOmP,a = / maircp,air (T) dT (2)
e
Weomp.s
Ti,comp = M (3)
Wcomp,a
P [Ty 7]
— = s 4
Pr |:T1 } (4)

my = Maa + Mcooling air
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Fig. 3. Gas turbine open cycle scheme and T-S diagram.

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

3.8371 9.4537\ , ,
Cpoair = 1.04841 + <1—04> T+ ( T > T

549031\ , 4 (7.9298)
+(Tm )T +<—1014>T ©)

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 ™!
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 pres-
sure [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 reac-
tions between nitrogen and oxygen. The combustion mod-
elling equations have been carried out based in Equa-
tions (7)-(9):

mfuel(LHV)fuel = (mg)cp,g(T3)~T3 - maircp,air(TZ,a)TQ,a
(7)
(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
=0.99161 S ) T () 12
Coe 09965—|—< 105 ) +< T )

1.22442\
- (W) T 9)
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mg = Mair + Miyel

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 compres-
sor and the gas compressor are provided via high pressure
and low pressure gas turbines respectively. Both turbines’
expansion processes are considered irreversible and adia-
batic. The equations of the gas turbines modelling are as
follows [15]:

Taa
Wipra = / (1i2g) Crp 5 (T)AT
Ts

Tsa
Wipra = / (1g)Cp o (T)dT

Tha
Wiarb,
Th,turb = WLba (12)
turb,s
7\ (5525)
(3 )
V4
Psa T5s (F)
== (%) )
p3 = p2 — 0.02p, (15)

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 pres-
sure ranges of steam generator are set on the bases of
the expansion steam turbine performance parameters. Ac-
cording to the amount of steam production in the steam
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Table 3. Steam turbine specifications™.

Parameter Unit  Value
maximum power generation kW 746
Maximum inlet pressure bar 46
Maximum inlet temperature K 713
Maximum outlet pressure bar 11
Maximum speed rpm 4300

Inlet diameter mm 100
Exhaust diameter mm 200

* 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 combus-
tion 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 in-
let and the evaporator outlet temperature is also consid-
ered negligible [16]. Employing the energy balance equa-
tion 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 tempera-
ture over the super heater inlet and over the economizer
inlet the corrector-predictor Equations (18) and (19) are
used [16].

T) = Tys + PP (16)
. Mg (Cp 5aT5a — Cp7T7) (1 — hl)
ms = ’ ’ 17
(hg — hi3) a7)
Cp 52154 1is (hg — hia)
T, = = . 1
7 T Chs  mgChg(1—hl) (18)
Ty = CorTr s (hasz — hao) (19)

Cp.8 1gCh.s (1 — hl)

4.1.5 Steam turbine

The applied steam turbine is the same starting expan-
sion turbine mounted on the air compressor of the gas tur-
bine. 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 small-
scale steam turbine. In the present study it is proposed
to couple the starter turbine with the generator to pro-
duce 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

following equations:

W = g (hg — hio)
Wpump = mst (h12 - hll)

(20)
(21)

The gas turbine and combined cycle efficiencies are ob-
tained according to the relations (22) and (23) [17]:

WLPT a
__ Wipra 22
naert mfuel(LHV)fuel ( )
_ Wipra+ Wsr — Weuwme 23
T)Comined cycle = mfuel(LHV)fuel ( )

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 gen-
eral exergy consists of four main components of chemical,
physical, kinetic and potential exergy. Since the little al-
titude 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 chem-
ical potential between the existing and the equilibrium
compounds. Using the second law of thermodynamics the
exergy balance equation is written as relations (24)—(27):

Ea:Q + meexm = Z MouteTout+FExw + Frp (24)
[ e

frrg = <1 - %) Q. (25)
Exw =W (26)
expn = (h — ho) — To (s — s0) (27)

In the following the exergy balance and the second law
efficiency equations are written for air compressor, com-
bustion chamber, gas turbine and heat recovery steam
generator respectively [18].

Air compressor exergy

Mairel1 + Wcomp,a = Mair€T2a + Icomp (28)
Leom
MI,comp = 1- ﬁm:@ (29)
Combustor exergy
Mair€T2a + Miuel€Tiuel = mgexS + Lcomb (30)
€Tfuel = ETph,f + €Tch ¢ (31)
exChyf = C(LHV)fuel (32)
For the fuels with C,H, compounds [19]:
0.0698
¢ =1.22+0.0169% — (33)
x x
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Gas turbine exergy:

MgeT3 = MgeT5, + WLPT,a + Tsurb (34)
Wturb
Miturb = 5 (35)
Wturb + Iturb
Steam generator exergy
Inrsa = Migas|(hsa — Tossa) — (hg — Toss)]

+ st [(hi2 — Tos12) — (ho — Toso)]  (36)

nst[(h1a — ToS12) — (hg — TS
TMLHRSG = mst[( 12 0 12) ( 9 0 9)] (37)

mgas[(hf)a - TOS5a) - (h8 - TOS8)]

4.3 Exergoeconomic analysis of combined cycle

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 engi-
neering called thermo economic is developed. The term
exergoeconomics can also be utilized to explain the con-
formation 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 effec-
tiveness 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:

CP,total = CF,total + Zc;coltﬂ + Z.t(glt\gl (38)

The cost balance shows that the cost rate related with
the product of the system (Cp) equals the total rate of
expenditures made to generate the product, namely the
fuel cost rate (Cr) and the cost rates associated with cap-
ital investment (Ztcolml) and operating and maintenance
(ZOM)). The variable (C') denotes a cost rate associated
with an exergy stream: stream of matter, power, or heat
transfer while the variable (Z) 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, re-
spectively [22].

=c,E; = ci(mge;) 39)
40)
41)
42)

Ci
C,=c.E, = ce(Meee)
Cw = CwEw

(
(
(
Cq = cqliy (
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
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sum of cost rates of all entering exergy streams plus the
appropriate charges due to capital investment (Z,?l) and
operating and maintenance expenses (Z,?M) The sum
of the last two terms is denoted by (Zk) Accordingly,

for a component receiving a heat transfer and generating
power [23]:

Z Ce,k + Cw,k = Cq,k + Z Ci,k + Z (43)

Introducing the cost rate expression of Equa-

tion (39)—(42), Equation (43) becomes:

Z (CeEe)k + Cw,ka = Cq,qu,k + Z (CzEz)k + Zk
(44)
Using Equation (44) in every combined cycle component,
the following relations emerge:

ccomchomp = coBxy — 1 Fxy — Zcomp (45)
0=c3Er3 — 273 — cruel ETtuel — Zeomb

(46)

captWapr = caBay — c3Bxs — Zupr (47)

cLptWipr = csEvs — cablvy — Zipr (48)

0= CgE(Eg - CgE:L’g - C5E£L’5 — 612E1'12

— Zursc (49)

—cstWer = c10Ex10 — coExg — Zgt (50)
—cCondETcond = c11E711 — c10E10 — Zcond (51)
cpumprump =c19Bx19 — c11 Bxqy — Zpump (52)
Ctuel BT puel = Chuel (53)

The following relations are used to calculate the capital
cost flow [24]:

Zy, = ZCRF ¢/ (N x 3600) (54)
IR
CRF = i1 (55)

In which 4, 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 ¢ (1.06) is the
maintenance factor.

The second law efficiency of the combined cycle is ob-
tained from Equation (56).

WLPT + WST - Wpump
Exl + Exfuel

Emw,net _

E:L’in

TN1,combined cycle =
(56)

5 Result of the model and discussion
5.1 Energy analysis

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 tur-
bine 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.
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Table 4. Effects of inlet air temperature, load, pinch point and steam injection on combined cycle.

Parameter Inlet air Load Pinch point Injected
temperature (77) steam
Constant value 250 288 320 54.9% 74.6% 100% 10 30 50 0 0.25 0.50
Unit K KK - - - KKK [kes™) [kes) [kes)
Mair [kg.s_l] 53.42 46.64 43.34 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64 46.64
Msteam 5608 6.849 7.551 4.711 5.746 6.828 6.837 6.416 5989  6.849 6.417 5.983
Mivel [kg.s™] 0.72 0.72 0.72 0.5 0.6 0.72 0.72 0.72 0.72 0.72 0.682  0.6453
Weomp kW] 17563 17438 17289 13770 15446 17438 17438 17438 17438 17438 17757 18071
Wipr kW] 11879 11519 11039 6324 8601 11519 11519 11519 11519 11519 11519 11519
Witeam [kW] 416.9 647.9 856.6  343.5 472 643.6 6454 605.6 565.4  647.9 548.4 459.8
Woump [kW] 6.554  7.708 7.967 5.302 6.683 8199 7.991 7.499 7.001 7.707 7.463 7.184
T [K] 250 288 320 288 288 288 288 288 288 288 288 288
Trapr,in [K] 1160 1308 1406 1050 1169 1308 1308 1308 1308 1308 1275 1243
Tropr,in [K] 875.9 9924 1069 789.9 8832 9924 9924 9924 9924 9924 968.4 945.1
Texhaust [K] 675.1 774.6 847.7 665.8 7174 7746 7746 7746 7746  774.6 750.2 726.8
Ts [K] 451.7 4452 441.3  452.5  449.6  446.5 4439 467.3  490.6 443.9 447.1 450.2
Ty [K] 575.1 674.6 747.7 565.8 6174 6746 6746 6746 6746 674.6 650.2 626.8
Pinch Point [K] 10 10 10 10 10 10 10 30 50 10 10 10
Qeco [KW] 1154 1398 1519 9614 1181 1398 1407 1320 1233 1398 1319 1239
Qeva kW] 11100 13599 15070 9355 11378 13599 13533 12699 11855 13599 12706 11816
Qe [KW] 1470 3280 4829 1151 2035 3280 3261 3060 2857 3280 2725 2228
Qcona kW] 2381 2570 2704 2362 2459 2570 2575 2570 2565 2575 2523 2472
Neh gas turbint 0.332  0.322 0.309 0.2551 0.2891 0.322 0.3227 0.3227 0.3227 0.322 0.3412 0.3608
Men combined cycle  0.344  0.3406 0.3327 0.2688 0.3048 0.3406 0.3405 0.3394 0.3383  0.340 0.357 0.375

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 con-
stant. 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 ex-
haust 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 augmen-
tation 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 effi-
ciency 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-

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 com-
bined 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 de-
signing 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 pa-
rameters 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



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

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~! to 5.989 kg.s~!. The reduction of produced
steam would decrease the steam turbine power, the effi-
ciency 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 con-
sidered as one of the most efficient methods to improve
the performance of gas turbines. Table 4 shows the ef-
fects of steam injection into the gas turbine combustor on
combined cycle performance parameters. In these investi-
gation 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 main-
tain 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. Further-
more, 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~! to 0.5 kg.s~! 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 investi-
gated 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.

Ex c c
Pipe No. [kW] [$h™'] [$.kw "h™']

1 8.04 0 0
2 15715  770.8 0.04905
3 39108 1547 0.03955
4 20804  822.9 0.03955
5 8556 338.4 0.03955
8 266.9 10.56 0.03955
9 7338 359.2 0.04895
10 5897 288.7 0.04895
11 534.3 26.15 0.04895
12 541.1 26.49 0.04895
fuel 35975  TT1.1 0.02143

Table 6. Natural gas compositions.

Component  Mole fraction Mass fraction
(%) (%)
CHy4 89.5650 80.3470
CoHg 3.3060 5.5587
CsHsg 1.1320 2.7912
C4Hio 0.3020 0.9815
i-C4Hio 0.2320 0.7540
CsHi2 0.0460 0.185
i-CsHi2 0.0690 0.2783
neo-CsHis 0.0030 0.00
CeHia 0.0710 0.00
N2 4.7300 7.4103
CO2 0.5440 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—! 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 cy-
cle 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 tempera-
ture, 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 tempera-
tures. In this case the fuel mass flow rate is 2596 kg.s~!
and the pinch point is equal to 10 K without any steam in-
jections. With increasing the inlet air temperature the gas
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Fig. 4. Irreversibility fractions of combined cycle components for various inlet air temperatures.
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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:

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—L.h~!, 0.07189 $.kw~1.h~! and
0.06853 $.kw—1.h~! respectively.

3. Points 4 and 5 are similar to point 3. But in point 4
according to the decrease in unit exergy cost and in-
crease in total exergy the cost flow rate remains con-
stant in Equation (40). But in point 5 the exergy in-
crease 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 de-
creases according to the results of Table 4. The

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.

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 previ-
ous 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 oth-
ers decrease.

This is due to the steam mass flow rate. The gas tur-
bine cycle mass flow rate entering to the HRSG is con-
stant. 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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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 gen-
erated 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 com-
bined cycle components for various steam injections. In
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this case the inlet air temperature and the fuel mass
flow rate and the pinch point are considered 288 K,
2596 kg.h~! and 10 K respectively. Increasing in the in-
jected steam in to the combustion chamber led to de-
crease in some components and increase in others. But
the overall irreversibly of the combined cycle reduced from
18621 kW to 18463 kW by 0.5 kg.s~! 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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Fig. 9. Cost flow rate of the combined cycle pipelines for various steam injections.
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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 to-
tal 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 temper-
ature 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.

5.2.4 Effects of energy price on the cost flow rates

Figure 10 illustrates the effects of energy price on the
cost flow rates of the combined cycle pipelines in the con-
dition of 288 K inlet air temperature, no steam injection,
10 K pinch point and 2596 kg.h~! fuel consumption. As
shown in the figure increasing the energy price in the ex-
ergoeconomics 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

Table 7. Electrical power consumption for gas turbine auxil-
iary equipments in full load.

No. (In 1 gas turbine) Power kW]
Gas Coolers 4 37
Ventilation Fans 2 26
Oil Coolers 2 8.8
Vapour Separator 1 5.5
Total 223

steady state running conditions. The electrical power con-
sumptions for the gas turbine auxiliary equipments in full
load are summarized in Table 7.

The present gas turbine starting system, is an expan-
sion 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 Ta-
ble 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,
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Table 8. Natural gas consumption for pneumatic starter (per one attempted).

Flow Duration Consumption
Pressure  Temperature
Start For For For For For For
Sequence  Starting Washing Starting Washing Starting Washing
kg.h™? kgh™? min min kg kg bar °C
1 Start Up 18820 7 2196
2 Purge 12000 12000 2 20 400 4000 27 to 30 15
3 Fire 12000 0.5 100
Total Natural Gas Consumption 2696 4000

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 in-
crease 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 consump-
tion 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~! steam to the combustion chamber
61920 dollars will be saved monthly for every turbo com-
pressor unit. Since the studied gas compression station is
designed in the formation of 441 (4 units running and
1 standby) in the case of utilizing the proposed system,
247680 dollars will be saved monthly. All these calcula-
tions are based on the gas compressors maximum power
absorptions from the gas turbine in the real working con-
dition 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 tur-
bine 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
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Table 9. Energy and natural gas price per one start.

Energy price $.GJ 1 6
Low heat value kj.kg™* 49 580
NG price $.kg™* 0.2975
NG price during start $ 802
NG price during washing $ 1190
Turbine facilities $.h~* 4.82
Fuel consumption $.h~! 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 in-
creased. 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.

. 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 tur-
bine and combined cycle for the air compressor con-
stant mass flow rate.

. 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.

. 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.

. The results indicate that replacing the inefficient ex-
isting 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.

TNsteam TMfuel GT net power Wsteam Wsteam Price of electrical  Price of fuel saved  Total energy
power production through steam inj.  saving Price
kgs™']  [kegs™) kW) [kW.h™']  GJ per hour $h! $ht $h?

0 0.5684 8000 454.8 1.63728 9.82368 0 9.82368
0.1 0.5512 8000 417.2 1.50192 9.01152 18.4212 27.43272
0.2 0.536 8000 383.7 1.38132 8.28792 34.7004 42.98832
0.25 0.5278 8000 366.7 1.32012 7.92072 43.4826 51.40332
0.3 0.5203 8000 351 1.2636 7.5816 51.5151 59.0967
0.35 0.5165 8000 343.2 1.23552 7.41312 55.5849 62.99802
0.4 0.5087 8000 327.6 1.17936 7.07616 63.9387 71.01486
0.45 0.502 8000 313.5 1.1286 6.7716 71.1144 77.886
0.5 0.494 8000 298.1 1.07316 6.43896 79.6824 86.12136

6.

turbine the electric motor with power consumption of
about 110 kW can be one of the best options to re-
place 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

The reduction in the fuel consumption by injecting the
steam in to the combustion chamber of the gas tur-
bine 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 247000 dollars in month

Acknowledgements. The authors express their great appreci-
ation to the financial support by the National Iranian Gas
Company-Gas Transport Operations Destination 8.

References

1]

2]

3]

[4]

[5]

H. Kum, O. Ocal, A. Aslan, The relationship among natu-
ral gas energy consumption, capital and economic growth:
Bootstrap-corrected causality tests from G-7 countries,
Renew. Sust. Energ. Rev. 16 (2012) 2361-2365

Deng-Chern Sue, Chia-Chin Chuang, Engineering design
and exergy analyses for combustion gas turbine based
power generation system, Energy 29 (2004) 1183-1205

F.J. Wang, J.S. Chiou, P.C. Wu, Economic feasibility of
waste heat to power conversion, Appl. Energ. 84 (2007)
442-454

Cheng Yang, Zeliang Yang, Ruixian Cai, Analytical
method for evaluation of gas turbine inlet air cooling in
combined cycle power plant, Appl. Energ. 86 (2009) 848—
856

Jong Jun Lee, Mu Sung Jeon, Tong Seop Kim, The influ-
ence of water and steam injection on the performance of

a recuperated cycle micro turbine for combined heat and
power application, Appl. Energ. 87 (2010) 1307-1316

(6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

F. Basrawi, T. Yamada, K. Nakanishi, S. Naing, Effect
of ambient temperature on the performance of micro gas
turbine with cogeneration system in cold region, Appl.
Thermal Eng. 31 (2011) 1058-1067

F.J.G. Carazas, C.H. Salazar, G.F.M. Souza, Availability
analysis of heat recovery steam generators used in ther-
mal power plants, Energy 36 (2011) 3855-3870

H. Sayyaadi, R. Mehrabipour, Efficiency enhancement of
a gas turbine cycle using an optimized tubular recupera-
tive heat exchanger, Energy 38 (2012) 362-375

M. Livshits, A. Kribus, Solar hybrid steam injection gas
turbine (STIG) cycle, Sol. Energ. 86 (2012) 190-199

A.G. Kaviri, M. Nazri Mohd. Jaafar, T. Mat Lazim,
H. Barzegaravval, Exergo environmental optimization
of Heat Recovery Steam Generators in combined cycle
power plant through energy and exergy analysis, Energy
Convers. Manag. 67 (2013) 27-33

Hongcui Feng, Wei Zhong, Yanling Wu, Shuiguang Tong,
Thermodynamic performance analysis and algorithm
model of multi-pressure heat recovery steam genera-
tors (HRSG)based on heat exchangers layout, Energy
Convers. Manag. 81 (2014) 282-289

M.J. Moran, H.N. Shapiro, Fundamentals of engineering
thermodynamics, 4th edn., Wiley, New York, 2000

P. Ahmadi, I. Dincer, Thermodynamic analysis and ther-
moeconomic optimization of a dual pressure combined cy-
cle power plant with a supplementary firing unit, Energy
Convers. Manag. 52 (2011) 2296-308

H. Cohen, G. Roger, H. Saravanamottoo, Gas-turbine
Theory, 4th edn., Prentice-Hall, New York, 1996

R.E. Sonntag, C. Borgenakke, G.J. Van Wylen,
Fundamentals of Thermodynamics, 5th edn., John Wiley
& Sons, New York, 1998

R. Karthikeyan, M. Hussain, B.V. Reddy, P.K. Nag,
Performance simulation of heat recovery steam gener-
ators in a cogeneration system, Int. J. Energy Res. 22
(1998) 399-410

C.J. Butcher, B.V. Reddy, Second law analysis of a waste
heat recovery based power generation system, Int. J. Heat
Mass Transf. 50 (2007) 2355-2363

510-page 15



[18]

[19]

[20]

[21]

[22]

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

A. Bejan, Fundamental of exergy analysis, Entropy gen-
eration minimization, and the generation of flow archi-
tecture, Int. J. Energy Res. 26 (2002) 545-565

G. Tsasaronis, J. Pisa, Exergoeconomic evaluation and
optimization of energy systems-application to CGAM
problem, Energy 19 (1994) 287-321

P. Ahmadi, I. Dincer, Thermodynamic analysis and ther-
moeconomic optimization of a dual pressure combined cy-
cle power plant with a supplementary firing unit, Energy
Convers. Manag. 52 (2011) 2296-308

A. Bejan, G. Tsatsaronis, M. Moran, Thermal Design and
Optimization. Wiley, New York, 1996

P. Roosen, S. Uhlenbruck, K. Lucas, Pareto optimization
of a combined cycle power system as a decision support

510-page 16

(24]

tool for trading off investment vs. operating costs, Int. J.
Thermal Sci. 42 (2003) 553-560

J.L. Silvera, C.E. Tuna, Thermo economic analysis
method for optimization of combined heat and power sys-
tems, Part 1. Progress in Energy and Combustion Science
29 (2003) 479-485

P. Roosen, S. Uhlenbruck, K. Lucas, Pareto optimization
of a combined cycle power system as a decision support
tool for trading off investment vs. operating costs, Int. J.
Therm. Sci. 42 (2003) 553-60

Dresser-Rand Company, steam products, single stage
steam turbine, Available at : www.dresser-rand.com/
products/steam/singlestage/RLA.php


www.dresser-rand.com/products/steam/singlestage/RLA.php
www.dresser-rand.com/products/steam/singlestage/RLA.php

	Introduction
	Nomenclature
	Description of the existing gas compression station
	Proposed gas compression station 
	Gas compression station modelling
	The first law of thermodynamics
	Air compressor
	Combustion chamber
	High and low pressure turbines
	Heat recovery steam generator (HRSG)
	Steam turbine

	Second law of thermodynamics 
	Exergoeconomic analysis of combined cycle

	Result of the model and discussion
	Energy analysis
	Effects of inlet air temperature
	Effects of the load
	Effects of the pinch point
	Effects of steam injection

	The exergy-economy analysis 
	Effects of inlet air temperature on the irreversibilities and cost flow rate
	Effects of pinch point on the irreversibilities  and cost flow rates
	Effects of steam injection on the irreversibilities  and cost flow rates
	Effects of energy price on the cost flow rates

	Investment recovery considerations

	Conclusions
	References

