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Abstract

In this research paper, a complete thermodynamic modeling of one of the gas turbine power plants in Iran is
performed based on thermodynamic relations. Moreover, a complete computer code is developed for simula-
tion purposes using Matlab software. To assess system performance, exergy and exergo-economic analyses
are conducted to determine the exergy destruction of each component and cost of each flow line of the system.
A complete parametric study is also carried out to study the effect of certain design parameters such as exergy
efficiency and total cost of exergy destruction on system performance variation. The exergy analysis results
revealed that the combustion chamber (CC) is the most exergy destructive component compared to other cycle
components. Also, its exergy efficiency is less than other components, which is due to the high temperature
difference between working fluid and burner temperature. In addition, it was found that by increasing the TIT
(gas turbine inlet temperature), the exergy destruction of this component can be reduced. On the other hand,
the cost of exergy destruction, which is a direct function of exergy destruction, is high for the combustion
chamber. The effects of design parameters on exergy efficiency showed that an increase in the air compressor
pressure ratio and TIT increases the total exergy efficiency of the cycle. Furthermore, the results revealed that
an increase in the TIT of about 350 K can lead to a reduction of about 22% in the cost of exergy destruction.
Therefore, TIT is the best option to improve cycle losses.
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1. Introduction combined cycles. Hence, thermodynamic modeling
and performance assessment of gas turbines form a
significant subject of interest for thermal system de-
signers. Combined cycle power plants (CCPP) uti-
lize the exhaust heat from the gas turbine engine to
increase power plant output and boost overall effi-
ciency up to 50%. Recently, exergy analysis, which
is based on the second law of thermodynamics, has
been found to be a potential tool for enhancing the

understanding of system performance by determin-

Energy systems involve a large number and vari-
ous types of interactions with the world outside their
physical boundaries. Therefore, the designer must
face many issues, primarily related to energy, econ-
omy and the environment, in short “3E”. Gas tur-
bines are a good candidate for power generation units
because they are widely used in both gas cycles and
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ing the amount of irreversibilities for each compo-
nent and providing better insight into system design.
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The exergy analysis approach is based on the simul-
taneous application of the first and the second laws of
thermodynamics [1].The energy crisis of the 1970s
and the continuing emphasis on efficiency (conser-
vation of fuel resources) have led to a complete over-
haul of the way in which power systems are analyzed
and improved thermodynamically [2].

Today, many electrical generation utilities are
striving to improve efficiency and the heat rate at
their existing thermal electric generating stations,
many of which are over 25 years old. Often, a heat
rate improvement of only a few percent appears de-
sirable, as it is thought that the costs and complex-
ity of such measures may be more manageable than
more expensive options. Thus, a better understand-
ing is attained when a more complete thermody-
namic view is taken, which uses the second law of
thermodynamics in conjunction with energy analy-
sis, via exergy methods. One of the most commonly-
used methods for evaluating the efficiency of an
energy-conversion process is first-law analysis al-
though it cannot determine the location of devices
in which exergy destruction would occur.

It is well-known that exergy can be used to deter-
mine the location, type and true magnitude of exergy
loss (or destruction). Thus, it can play an important
role in developing strategies and in providing guide-
lines for more effective use of energy in the existing
power plants [3]. Moreover, another important issue
to improve the existing system is the origin of the
exergy loss and components in which the most ex-
ergy destruction take place. Hence, a clear picture,
instead of only the magnitude of exergy loss in each
section, is required. There are numerous research pa-
pers in the literature, which have presented exergy
and exergo-economic analysis. However, they do
not usually pay much attention to the effect of key
parameters on the cycle components, especially the
cost of exergy destruction.

According to literature, exergy analysis is a
methodology for the evaluation of the performance
of devices and processes, and involves examining
the exergy at different points in a series of energy-
conversion steps [2-5]. Exergy analysis results can
aid efforts to improve the efficiency, and possibly
the economic and environmental performance of gas
turbine power plants. In parallel to exergy analysis,

thermo-economics can also help the designers to en-
hance the understanding of the system performance
by consideration of the system costs. Thermo-
economics combines exergy analysis with economic
principles and incorporates the associated costs of
the thermodynamic inefficiencies in the total prod-
uct cost of an energy system. These costs may lead
designers to understand the cost formation process in
an energy system and that can be utilized to optimize
thermodynamic systems, in which the task is usually
focused on minimizing the unit cost of the system
product [5]. Several researchers carried out exergy
analysis of and applied exergo-economics to systems
in which a gas turbine played a significant role. Sahin
and Ali [6] carried out an optimal performance anal-
ysis of a combined Carnot cycle (two single Carnot
cycles in cascade), including internal irreversibili-
ties for steady-state operation. Ameri et al. [3] per-
formed an exergy analysis of supplementary firing in
a heat recovery steam generator in a combined cy-
cle power plant. Their results revealed that if a duct
burner is added to the heat recovery steam genera-
tor (HRSG), the first and second law efficiencies are
reduced. Also, Ameri et al. [2] performed an en-
ergy, exergy and exergo-economic analysis for one
of the largest steam power plants in Iran. It was de-
termined that the boiler has the highest exergy de-
struction rate. Therefore, this device should be con-
sidered for further improvements. The reason for the
greatest exergy destruction in this device is due to the
combustion and heat transfer processes, which take
place across large temperature differences between
burner temperature and working fluid. The same re-
sults were obtained in other research performed by
Ameri et al. [4]. It was found that in combined cycle
plants, the combustion chamber destroys the inflow
exergy due to the high temperature difference. How-
ever, that paper did not pay much attention to the
key parameters. Ahmadi et al. [7] performed ther-
modynamic and exergo-environmental analyses, and
multi-objective optimization of a gas turbine power
plant.They applied the multi-objective based opti-
mization to an actual power plant in Iran and de-
termined the optimal design parameters. The re-
sults showed that by selecting the optimized parame-
ters, a 50% reduction in environmental impacts is ob-
tained. Ehyaei et al. [8] carried out exergy, economic
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and environmental analyses of absorption chiller in-
let air cooler used in gas turbine power plants. They
conducted the analyses for two different regions in
Iran, (i.e. hot-dry and hot-humid climate conditions).
The results showed that using this system in the hot
months of a year is economical. They also concluded
that application of an absorption chiller increases the
output power by 11.5% for the hot-dry climate and
10.3% for the hot-humid climate. The present study,
which is an extended version of earlier research car-
ried out by the authors [1, 3] mainly focuses on the
followings items which are the specific contribution
of the current paper in this subject:

e Complete thermodynamic modeling of a major
gas turbine power plant in Iran is performed.

e A simulation computer code is developed using
Matlab software to mode all parts of the power
plant and this code is validated with actual data
from the power plant.

e Exergy analysis of a gas turbine power plant is
performed.

e Exergo-economic analysis of a gas turbine
power plant is conducted.

e The effects of some major key parameters on
both exergy and the exergo-economic perfor-
mance of the cycle are investigated.

2. Exergy analysis

Exergy is composed of two important parts. The
first one is the physical exergy and the second one
is the chemical exergy. In this study, the kinetic and
potential parts of exergy are negligible [4]. The phys-
ical exergy is defined as the maximum theoretical
useful work obtained as a system interacting with an
equilibrium state. The chemical exergy is associated
with the departure of the chemical composition of a
system from its chemical equilibrium. The chemical
exergy is an important part of exergy in the combus-
tion process. It is important to observe that, unlike
energy, exergy is exempt from the law of conserva-
tion [5]. Irreversibility associated with actual pro-
cesses causes exergy destruction.

In order to perform the exergy analysis, mass and
energy balances of the system are required to be de-
termined. If one combines the first and second laws
of thermodynamics, the exergy balance equation is
formed as [4]:

Continuity equation:

DN (1)

Energy equation:

Q=W =" sith = > iihy 2)

Exergy balance equation:

ExQ + Z me; = Z mee, + Exp + Exy  (3)

where subscripts 1 and e refer to streams entering
and leaving the control region, respectively. The ex-
ergy rate of a stream of substance (neglecting the po-
tential and kinetic components) can be written in the
form:

Ex = Exph + Ex., @)

where:

Ex=re (5)

The mixture’s chemical exergy is defined as fol-
lows [6]:

exﬁf’ix = Z X; €XCh + RT, Z X; In (XL) + GE (6)
i=1 i=1

The last term, GF, which is the excess free Gibbs
energy is negligible at low pressure in a gas mixture.
One can generalize the chemical exergy concept of
fuel to every C,HzN, O, component [9]. The molar
chemical exergy ex“" of such a component will be:

exgh = (Mo — 1) (7

Where p¢ refers to the chemical potential of the
component at the restricted dead state.

€ —€ ﬁ—f y—f ﬁ 5 —€
He = CQlco, + SH0 + EﬂNz +(—a 2 + E).Uoz 3)
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HAgo, represents the chemical potential of the com-
ponents at their thermo-mechanical equilibrium state
with the standard ambient.

For an evaluation of fuel exergy, the above formula
cannot be used. Thus, the corresponding ratio of sim-
plified exergy is defined as the following [10]:

_ €Xy
~ LHV;
Due to the fact that for most of the usual gaseous

fuels, the ratio of chemical exergy to the Lower Heat-
ing Value is usually close to 1, one may write [4]:

)

é‘:CH4 =1.06
&n, = 0.985

For gaseous fuel with C,H,, the following experi-
mental equation is used to calculate & [4]:

(10)

y  0.0698

£ =1.033+0.0169= — —— (11)
X X

In this formula (Eq. 3), (e) is the total specific ex-
ergy and Exj, is the exergy destruction.

. To\ .
Exg = (1 - T—Z) 0; (12)
Exy =W (13)
exp, = (h—ho) =T (S = So) (14)

Where T is the absolute temperature (K) and sub-
scripts (i) and (o) refer to inlet and ambient condi-
tions respectively. T, is the boundary temperature in
which heat transfer occurs.

For the exergy analysis of power plants, the ex-
ergy of each stream should be estimated for all states
and the changes in exergy are determined for each
major component. Unlike energy, exergy is not con-
served but destroyed in the system. In the compo-
nents of the power plant, exergy is dissipated during
the process due to friction, mixing, combustion, heat
transfer, etc. The source of exergy destruction (or ir-
reversibility) in the combustion chamber and turbine
is mainly combustion (chemical reaction) and ther-
mal losses in the flow path respectively [11]. The
objective of the present study is to perform an exergy
and exergo-economic analysis and a simulation of a
gas turbine power plant, which is a common cycle

for producing power in Iran. Thus, for this reason af-
ter simulation and thermodynamic modeling of this
cycle, the exergy balance for each component is cal-
culated to find the exergy destruction in each compo-
nent.

3. Economic analysis

Exergo-economics or thermo-economics is the
branch of engineering that appropriately combines,
at the level of system components, thermodynamic
evaluations based on an exergy analysis with eco-
nomic principles, in order to provide the designer
or operator of a system with information that is use-
ful for the design and operation of a cost-effective
system, but which are not obtainable by regular en-
ergy or exergy analysis and economic analysis [12].
When exergy costing is not applied, researchers
should use a different term (e.g. thermo-economics).
Thermo-economics is a more general term and char-
acterizes any combination of thermodynamic analy-
sis with economic analysis [13, 14]. In order to de-
fine a cost function, which depends on optimization
of parameters of interest, the component cost should
be expressed as functions of thermodynamic design
parameters [14].

For each flow line in the system, a parameter
called the flow cost rate C ($/s) is defined, and the
cost balance equation of each component is written
as:

Z Ce,k + Cw,k = Cq,k + Z C,"k + Zk (15)

The cost balance equation of each component is
written as:

Z (ceExe)k + cw,kW = cq,kE'xq,k (16)
+ Z (ciExi)k + Zk
Cj = CjEXj (17)

In this analysis, it is worth mentioning that the
fuel and product exergy should be defined. The ex-
ergy product is defined according to the components
under consideration. The fuel represents the source
that is consumed in generating the product. Both the
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product and fuel are expressed in terms of exergy.
The cost rates associated with the fuel (C) and prod-
uct (C,) of a component are obtained by replacing
the exergy rates (Ex). For example, in a turbine, fuel
is the difference between input and output exergy and
product is the generated output power of the turbine.

In the cost balance formulation (Eq. 15), there is
no cost term directly associated with the exergy de-
struction of each component. Accordingly, the cost
associated with the exergy destruction in a compo-
nent or process is a hidden cost. Thus, if one com-
bines the exergy balance and exergo-economic bal-
ance together, one can obtain the following equa-
tions:

(18)

Accordingly, the expression for the cost of exergy
destruction is defined as follows:

ExF,K = EXP,K + ExD,K

CD,k = CF,kEXD,k (19)

Further details of the exergo-economic analysis,
cost balance equations and exergo-economic factors
are discussed at length in the literature [3, 14, 15].

In addition, several methods have been suggested
to express the purchase cost of equipment in terms of
design parameters in Eq. 15. However, we used the
cost functions suggested by Ameri et al. [2].

Nevertheless, some modifications were made to
tailor these results to regional conditions in Iran and
to take account of the inflation rate. To convert the
capital investment into cost per time unit, one may
write:

4

N - 3600

Where Z; is the purchase cost of k;, component in
US $. N is the annual operation hours of the unit, and
¢ (1.06) is the maintenance factor [2, 14].The Cap-
ital Recovery Factor (CRF) depends on the interest
rate as well as estimated equipment lifetime. CRF is
determined using the relation [2]:

Zk = Zk : CRF (20)

i(1+9)"
CRF = ——
1+d"-1

In which i is the interest rate and n is the total op-
erating period of the system in years.

1)

Finally, in order to determine the cost of exergy
destruction of each component, the value of exergy
destruction, Exp is estimated using the exergy bal-
ance equation in the previous section.

3.1. Cost balance equations

In order to estimate the cost of exergy destruction
for each component of the plant, first one should
solve the cost balance equations for each compo-
nent. Therefore, for application of the cost balance
equation (Eq. 15), there are usually more than one
inlet and outlet streams for some components. In
this case, the number of unknown cost parameters is
higher than the number of cost balance equations for
that component. Auxiliary exergo-economic equa-
tions are developed to solve this problem [2, 14].
Implementing Eq. 16 for each component together
with the auxiliary equations forms a system of linear
equations as follows:

|Ex| x e = |2 (22)

Where [Exk], [ci] and [Zk] are the matrix of exergy
rate (obtained in exergy analysis), exergetic cost vec-
tor (to be evaluated) and the vector of Z; factors (ob-
tained in economic analysis), respectively. The cost
function for each component in the cycle is presented
in table 1. After estimation of C;, the cost of exergy
destruction will be calculated based on Eq. 19.

In this equation, c; is 0.003 $/MJ. Therefore, by
solving these sets of equations, one can find the cost
rate of each line in Fig. 1. Moreover, they are used
to find the cost of exergy destruction for each com-
ponent of the plant.

4. Thermodynamic modeling

To find the optimum physical and thermal design
parameters of the system, a simulation program was
developed using Matlab software for the gas tur-
bine power plant. Thermodynamic properties, ex-
ergy flows, exergy efficiencies and cost of exergy de-
struction are calculated by using this code. The en-
ergy balance equations for various parts of the gas
turbine cycle (Fig. 1) are as follows:
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Table 1: Purchase cost function of each piece of equipment in the gas turbine

System component

Capital or investment cost functions

Zic = (55) () n (7)

Z
e ¢ =71.10$/ (kg/s) , c1a = 0.9
7 Zcc = (%) [1 +exp(c3Torir — c24)]
CcC €22~ p,
C21 :4608 , C33 = 0.995 , Coq4 = 26.4
Zor Zor = (%) ln(i—;) [1+exp(c33T3 — c34)]

C3 = 47934, C3p = 092, C3g = 54.4

[ Ex; 0 0 0 0 0
Ex, Ex, O 0 W 0
0 EX2 EX3 0 0 0
0 0 EX3 E)C4 EX5 EX(,
0 0 1 -1 0 0
0 0 0 0 I -1 ]
Air compressor.
1 Ya-!
T,=T|1+— (rc”l - 1)] 24)
Nac
Wac = 11,Cpa (T2 = T) (25)

Where C,, is the specific heat at constant pres-
sure and could be considered as a temperature vari-
able function as follows [1]:

3.8371 9.4537
. (T) =1.04841 — T?> (26
Cpa(T) 104 107 (26)
549031 _, 7.9298 _,
- 1010 1014 T
Combustion Chamber (CC).
mghy + I’I’ZfLHV = mgl’l3 +(1- ncc) meHV 227)
Ps
— = - AP, 28
7, ( ) (28)
Gas turbine.
l-yg
P2\ %
T, =T; {1 —n6r |1 - (P—3) ‘} (29)
4
WGT = mgcp,g (T3 —Ty) (30)

[ | [ 0
%) _Zcomp )
3 | _ —Cfl’i’lfLHV - ZCC
X = : 23
Cy4 —Zgr 23)
Cs 0
L Co 1 L 0
Wnet = WGT - WAC (31)
g = g + ity (32)

Where C, , is taken as a temperature variable func-
tion as follows [1]:

6.99703
Cpe (T) = 0991615 — =T (33)

27129 , 122442
o o 2y
107 1010

5. Case study

To validate the results of our simulation code, they
are compared with actual data from an operational
gas turbine power plant in Yazd Power Plant (Yazd,
Iran). This power plant is located near the city of
Yazd, in central Iran. The schematic of this power
plant is shown in Fig. 1. Based on power plant data
gathered in 2006 the incoming air is at a temperature
of around 17.10°C and a pressure about 0.874 bar.
The pressure increases to 10.593 bar through the
compressor, which has an isentropic efficiency of
83%. The gas turbine inlet temperature is 1073°C.
The turbine has isentropic efficiency of 87%. The
fuel (natural gas) is injected at 17.10°C and 30 bar.
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Fuel

Combustion
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Figure 1: Schematic of a gas turbine power plant
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Figure 2: Exergy destruction of each component of the gas tur-
bine cycle

6. Results and discussions

6.1. Exergy analysis results

The performance analysis of the gas turbine cy-
cle is investigated, taking into consideration realistic
conditions such as temperature and pressure for each
component in the unit. The air conditions at the com-
pressor inlet are set at 0.874 bar and 298 K. In this
case, the net output power of the gas turbine cycle is
fixed at 106 MW. In addition, the heat losses through
the combustion chamber are assumed to be 3%. The
isentropic efficiency of the compressors is 83%, and
the isentropic efficiency of the gas turbines is fixed at
87%. The gas turbine inlet temperature is varied be-
tween 1100 K and 1450 K, and the compressor pres-
sure ratio of 10 to 20 is chosen in this study.

The exergy destruction of the components in the

.54 1

~g-n =000

LR 18 -1|L=1].04
1]

Efficiency

Figure 3: Effect of compressor pressure on cycle exergy effi-
ciency

oo | TN

Exl-'.f- G

i l e i e

Figure 4: Effect of compressor pressure on combustion cham-
ber exergy destruction

GT is shown in Fig. 2.The results from the exergy
analysis show that, for the above conditions, the
combustion chamber is the most significant exergy
destructor in the combined cycle power plant. This
is due to the fact that the chemical reaction and the
large temperature difference between the burners and
working fluid are the main source of irreversibility.
In fact, its exergetic efficiency is lower than other
components. Fig. 3 shows the effect of changes in the
compressor pressure ratio versus exergy efficiency.
Results show that for a gas turbine inlet temperature
of around 1450 K, the gas turbine cycle exergy effi-
ciency increases at a higher-pressure ratio.

Fig. 4 shows the effect of the compressor pressure
ratio on the combustion chamber exergy destruction.
It is shown that a higher-pressure ratio leads to lower
exergy destruction in the whole cycle, which results
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Figure 5: Effect of TIT variation on GT cycle exergy efficiency
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Figure 6: The effects of gas turbine inlet temperature on the
total exergy destruction rate of the cycle

in less fuel supplied to the gas turbine cycle. This
means that any saving in the fuel supplied has a sig-
nificant impact on the total exergy destruction of the
gas turbine cycle. The exergy of the fuel consists of
physical and chemical exergy. However, the chemi-
cal exergy has a significant impact on the total exergy
of fuel when compared to the physical exergy.

Fig. 5 shows the effect of variation of gas turbine
inlet temperature on gas turbine exergy efficiency. It
shows that an increase in the GTIT leads to an in-
crease in the GT exergy efficiency due to the fact
that the GT turbine work output increases. Fig. 6
confirms that an increase in the TIT leads to a reduc-
tion in exergy destruction as was concluded by Fig. 5.
Therefore, it was found that TIT is the most impor-
tant parameter in designing the gas turbine cycle due
to the decrease in exergy destruction and increase in

1240

i

=0

W

€, Total {$hr)

T E—

I I I
10 1150 120 1230 1308 (e 40 145
TITIK}

Figure 7: Total cost of exergy destruction versus TIT

cycle exergy efficiency.

6.2. Exergo-economic Analysis Results

To provide good insight into this study, the exergo-
economic analysis is performed for the GT cycle
power plant shown in Fig. 1. By solving Eq. 23, de-
termining Ci and using Eq. 19, the cost of exergy
destruction for each component is estimated. The re-
sults of the exergo-economic analysis are shown in
Fig. 7. This figure shows that, like the exergy analy-
sis results, the cost of exergy destruction for the com-
bustion chamber decreases with an increase in the
gas turbine inlet temperature (TIT). This is due to
the fact that the cost of exergy destruction is propor-
tional to the exergy destruction. Hence, an increase
in the gas turbine inlet temperature can decrease the
cost of exergy destruction. The results show that at
constant TIT, increasing the compressor pressure ra-
tio results in a decrease in the total cost of exergy
destruction. The main reason for this is the reduction
in the combustion chamber fuel mass flow rate.

7. Conclusion

Both thermodynamic modeling and exergy and
exergo-economic analysis of a gas turbine cycle were
performed as part of this research study. The results
from the exergy analysis show that the combustion
chamber is the most significant exergy destructor in
the power plant, which is due to the chemical re-
action and the large temperature difference between
the burners and working fluid. Moreover, the results
show that an increase in the TIT leads to an increase
in gas turbine exergy efficiency due to a rise in the
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output power of the turbine and a decrease in the
combustion chamber losses.

Furthermore,

the results from the exergo-

economic analysis, in common with those from the
exergy analysis, show that the combustion chamber
has the greatest cost of exergy destruction compared
to other components. In addition, the results show
that by increasing the TIT the gas turbine cost of
exergy destruction can be decreased.
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