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Abstract: This work presents an energetic, exergoeconomic, environmental, and toxicity analysis of
the simple gas turbine M501F3 based on a parametric analysis of energetic (thermal efficiency, fuel and
air flow rates, and specific work output), exergoeconomic (exergetic efficiency and exergoeconomic
operation costs), environmental (global warming, smog formation, acid rain indexes), and human
toxicity indexes, by taking the compressor pressure ratio and the turbine inlet temperature as the
operating parameters. The aim of this paper is to provide an integral, systematic, and powerful
diagnostic tool to establish possible operation and maintenance actions to improve the gas turbine’s
exergoeconomic, environmental, and human toxicity indexes. Despite the continuous changes in the
price of natural gas, the compressor, combustion chamber, and turbine always contribute 18.96%,
53.02%, and 28%, respectively, to the gas turbine’s exergoeconomic operation costs. The application
of this methodology can be extended to other simple gas turbines using the pressure drops and
isentropic efficiencies, among others, as the degradation parameters, as well as to other energetic
systems, without loss of generality.
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1. Introduction

Gas turbines have become a core technology for converting the chemical energy of fossil fuels
into shaft work used to mechanically drive compressors, pumps, and electrical generators in the
industries of electrical power, oil and gas, iron and steel, and mining [1,2]. However, this conversion
process produces a waste stream corresponding to the exhaust gases at high temperatures, which
are released into the environment. The composition of these gases includes greenhouse gases such
as steam, carbon dioxide, and methane; contaminant gases, for example, carbon monoxide, nitrogen
oxides, and unburned fuels; and particulate material such as ashes. This stream is known as residue
and its results are essential for evaluating the sustainability of the gas turbine operation, to establish
recommendations to reduce the environmental impact of their operation, and to recover the energy
content of the exhaust gases.

In Mexico, conventional thermoelectric power plants burn natural gas, carbon, or oil to generate
steam, which is the working fluid of a steam cycle. These plants are repowered into combined cycle
plants by coupling a gas turbine to the steam cycle of the conventional plant via a heat recovery steam
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generator. These different configurations involving a gas turbine provide or supply more than 50% of
the electricity requirements, shaft work, or thermal power.

The new technologies improving the gas turbine performance are centered in the increasing of the
turbine inlet temperatures in gas turbines by using new improved materials, blade cooling systems,
and high thermal resistance coatings [3]. Continuous innovation related to the gas turbine and its
wide use makes research into these systems of still greater importance for all the industrial sectors
mentioned above.

The power generation costs are mainly influenced by energetic, economic, environmental, and
toxicity factors. There are different types of methodologies used to estimate the energetics costs of
power generation plants. On the one hand, some of these methodologies are based on the application of
the first and second law of thermodynamics, and include the works of Lugo et al. [4-6], Kotas [7], and
Dincer et al. [8], among others. On the other hand, there are also methodologies to estimate the power
generation based on the exergoeconomic analysis of the gas turbine, which is the main subsystem
of power plants, such as single gas turbine, combined cycle, and cogeneration plants, such as those
pursued by Valero et al. [9,10], Tsatsaronis [11], Bejan et al. [12], and Torres et al. [13]. The environmental
impact of the power generation has also been studied by Hakan et al. [14], Goran et al. [15], and
Dincer et al. [8] by accomplishing environmental, sustainability, and exergoenvironmental analyses
applied to power generation plants. However, these studies do not establish a synergistic analysis
between the energetic, economic, environmental, and toxicity factors and the operating parameters
of the power generation plant. From the background information, the present paper develops a
parametric analysis of a Mitsubishi M501F3 simple gas turbine to relate energetic, exergoeconomic,
environmental, and human toxicity indexes with the operation parameters, such as compressor
pressure ratio and the inlet gas turbine temperature.

Lozano et al. performed a thermoeconomic analysis of gas turbine cogeneration systems
with/without a regenerative heat exchanger. The main objective was to find the unit product
exergoeconomic cost of the system [16]. Karaali et al. realized a thermoeconomic optimization
of four different gas turbine cogeneration plants configurations providing a power output of 30 MW
and producing a steam flow of 14 kg/s [17]. This study proves that the implementation of a heat
recovery system increases the cycle’s efficiency and production costs. For each cycle, they also find an
optimum excess air rate value minimizing the electricity cost. In agreement with Karaali et al., the
global optimization analysis indicates that the gas turbine optimum cost is 4.32 x 10~2 USD/kWh; the
inlet air-cooling cycle optimum cost is 5.14 x 1072 USD/kWh; the air preheated cycle optimum cost is
5.77 x 1072 USD/kWh; and the air-fuel preheated cycle optimum cost is 5.8 x 1072 USD/kWh.

Aydin realized an exergetic sustainability analysis of an aeroderivate gas turbine. In this work,
a new exergetic index called exergetic improving potential and other exergetic sustainability indexes,
based on the second law of thermodynamic, are computed. However, this analysis does not involve
environmental, economic, and social indexes [14].

Vuckovic et al. present an energetic, exergetic, and exergoeconomic analysis of the rubber factory
energy supply plant, which provides steam, compressed air, and cooling water to the production
facilities, as well as hot water for heating and sanitary use. They determined that the highest exergy
destruction is caused by the steam boiler. Furthermore, the exergoeconomic evaluation suggests
a significant potential for reducing the operation and maintenance costs in the compressed air
station [15]. Memon et al. analyzed a combined cycle power plant with one level pressure through
thermo-environmental, exergoeconomic, and statistical methods. They found that when CO, emissions
decrease, the compressor inlet temperature decreases and the gas turbine inlet temperature increases;
when some compressor pressure ratios increase, then the net output power and the energetic and
exergetic efficiencies increase. They also determined that the influence of the pinch point and steam
turbine pressure on these quantities is insignificant. Their results show that the combustion chamber is
the component with the greatest exergy destruction cost. In this paper, the only considered greenhouse
gas is carbon dioxide [16]. Oyedepo et al. accomplished a thermo-economic and thermo-environomic
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analysis of a gas turbine power plant. The thermo-environomic analysis shows that for a power
output of 19.42-92.8 MW, the CO, emissions are in the range of 100.18-408.78 kg-CO, /MWh, while
the environmental impact cost rate is $40.18-276.97 /h. The authors only compute the normalized CO,
emission with respect to the unit net power output; they do not include other indexes, such as global
warming, smog formation, acid rain formation, and human toxicity [17].

The aim of this work is to present a methodology based on exergetic, exergoeconomic,
environmental, and toxicity analysis to estimate the irreversibilities and exergetic efficiencies of
each of the main components of the MF501F3 gas turbine, as well as to find the exergoeconomic
operation costs and environmental and human toxicity indexes by pursuing a parametric analysis of
these indexes, taking the compressor pressure ratio and the turbine inlet temperature as the operation
parameters. This analysis is useful to evaluate each component, as well as the overall system; and to
provide possible operation conditions enhancing the gas turbine performance and reducing its impact
on the environment. In addition, the influence of the monthly fluctuations of the natural gas on the
power generation costs caused is assessed.

2. Methods

2.1. M501F3 System Description

The exergoeconomic analysis is applied to a Mitsubishi M501F3 gas turbine (Mitsubishi,
Tuxpan, Mexico), rated to provide 183.78 MW with a pressure ratio of 16 and a turbine inlet
temperature of 1400 °C [18]. The gas turbine actual operating conditions are: 7rc = 16, TIT = 1300 °C,
and Wy, = 139.2 MW [19].

A parametric analysis of the gas turbine in terms of the turbine inlet temperature and the
compressor pressure ratio is pursued and based on the application of the exergetic and exergoeconomic
methodologies to the gas turbine using the actual operating conditions, in order to quantify the
exergetic losses, exergetic efficiencies, and exergetic and exergoeconomic costs of each component of
the gas turbine.

2.2. Thermodynamics of a Gas Turbine Power Plant

A simple gas turbine consists of a compressor, a combustion chamber, and a turbine, as depicted
in the schematic diagram in Figure 1. The thermodynamic properties and the energy and exergy
balances, as well as the productive structure of the gas turbine, are obtained on the basis of Figure 1.

Figure 1. Schematic diagram of a simple gas turbine.

A simple gas turbine operates on the thermodynamic cycle presented in the exergy—enthalpy
diagram of Figure 2, in which air entering the compressor at state 1 is compressed to some higher
pressure at state 2. Leaving the compressor, air enters the combustion chamber, where combustion
occurs by fuel injection. A pressure drop takes place in the combustion process, by the mixing, burning,
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and cooling phenomena. The exhaust gases leave the combustion system and enter the turbine; the hot
gases are expended at state 4, at a higher pressure than the air pressure at state 1, to generate the useful
output power.
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Figure 2. Exergy—enthalpy diagram of a gas turbine.

The expression of the compressor pressure ratio maximizing the useful specific work output can
be written as follows [20]:

1
Tle = Tlopyy, = (YMcifr) ™. 1

The thermal efficiency of the gas turbine as a function of the compressor pressure ratio,
the pressure losses, the fuel/air ratio, the ratio of the specific heat capacities at constant pressure
of the combustion gases and the air, and the ratio of the maximum and minimum cycle temperature
can be expressed by using the following expression [20]:

(Ut rfa) sy e (1- ke ) = ik (e = 1)

Cp. 1
(+rf) iy =1k (ac™ — 1)

@

Nn =
The expression of the air flow rate required to generate a demanded power output is given by:
W
- .
cpaTh ((1 + rfa)%y 1t (1 — #) — 7/% (e — 1))

®)

my =

The fuel flow rate is determined by:
my =rfa (myg). 4)

The combustion gases flow rate, which depends on the air flow rate and the fuel/air ratio, can be

written as follows:
mg = mg(1+7fa). 5)

The physical exergy rate of the thermodynamic states of air and combustion gases of the gas
turbine, respectively, are determined by the following expressions:

E; = tita [(h; — ho) — To (s; — 50)] (6)

E; = ting [(h; — ho) — To (si — s0)]. )
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The maximum rate of conversion of thermal energy to power is given by:

: . To
The required compressor power can be expressed as:

Macp, Ty
Nc

Es = (mer = 1). )
Since the exergy rate of the stream six is equal to the power output generated by the gas turbine,

the following expression is then derived:
Eg = Wy (10)

The exergetic efficiency of each of the gas turbine components is defined as:

Exergy flow rate Product

= . 11
ex Exergy flow rate Fuel an

The exergetic efficiency of the gas turbine is defined as the ratio of the exergy rate of the stream
six to the exergy rate input:

W (1 +rfa)giym (1= k) = (e = 1)

fere T T rof LHV (1— Ty/AFT)

(12)

2.3. Natural Gas Composition

The composition of natural gas varies from deposit to deposit, and even from time to time during
extraction. The natural gas volumetric composition used in this work is shown in Table 1 [21].

Table 1. Natural gas volumetric composition.

Gas Component Chemical Formula  Volumetric Composition (mole)
Methane [CH4] 0.88
Ethane [CoHg] 0.09
Propane [C3Hg] 0.03

In this work, the gas turbine operation is assumed to occur under the ambient and actual
operating conditions presented in Table 2. The dead state is assumed to be the same as the ambient
conditions state.

Table 2. Actual operating parameters and ambient conditions for the gas turbine of the
illustrative example.

Parameters Value
TIT, °C 1300
1c 0.88
0t 0.9
W, MW 139.2
AP.c, % 2
APy, % 1
Tamp, °C 25
Paim, bar 1.013

¢, % 45




Entropy 2016, 18, 286 6 of 26

2.4. Exergetic and Exergoeconomic Costs of the Streams of Gas Turbine

The productive structure of a gas turbine cycle is illustrated in Figure 3, which is a graphical
representation of the fuels and products of each component of the gas turbine. The inlet arrows entering
to rectangles are the fuels, and the outlet arrows are the products of the corresponding components.
This figure shows the fuels and products of each component required to generate an output power.
The main resource is the exergy flow rate of the fuel, which is provided to the combustion chamber (f).
The turbine uses as fuel the exergy flow of the combustion gases (3)—(4), which are expanded on it, and
has as products the power output (stream 6, final product of the system) and the power to drive the
compressor (stream 5, fuel of the compressor). The product of the compressor is the exergy flow due to
the rise in air pressure (2)-(1). The product of combustion chamber is the exergy flow resulting from
the rise in the compressed air temperature (3)—(2); a fraction of this exergy flow corresponds to the fuel
of the turbine, and the rest is the residue sent into the environment (stream 4).

(2 - (1) (5)
4 c
(1) PN
(6)
t

2 (3 —(4)
f 3 4)
LN L, @ Y

(3 -2

Figure 3. Productive structure of the gas turbine.

The exergetic and exergoeconomic costs, presented in Table 3, are derived by carrying out exergetic
and exergoeconomic balances to each component and stream of the system, as well as by using the
propositions of the exergoeconomy theory.

Table 3. Exergetic and exergoeconomic costs balance equations.

Component Exergetic Costs Exergoeconomic Costs
% _ T T
External Resources E}k - _E1 [ = ClEl
Ef = £ [Ty = /By
Compressor Eg“ = Eik — Eik s =1L -1
E* +EFf = E¥ — EX + = _
Combustion Chamber f . 4 i _ 2 [Tf H4 Il . [k
ESE4 = EfEs [I3Es=TI4E5
Turbine Ey —Ef =Eg+E5 [-1la=1le+1I5
E;Eé—E2E5=0 H5E6:H6E5

The unitary exergetic cost is defined as the ratio of the exergetic cost to the exergy rate and can be
written as:

.

£
The exergoeconomic cost is the product of the unitary cost exergoeconomic and the exergy rate:

(13)

I1 = cE. (14)
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This analysis assumes the cost of natural gas is o= 2.031 USD/G]J, while the cost of air is zero,
c1 =0[22].

The balances of exergetic and exergoeconomic costs expressed in a dot-matrix form correspond to
a system of linear equations of dimension 7 x 7, which can be expressed as:

—k —
AE = b,y (15)
ATl = bo, (16)

where A is the matrix of exergetic and exergoeconomic costs given by

>
[

O O O O =k O -
O O O = O = O
|
—_

0 -E4 E5 0 0

* —

In Equations (15) and (16), E is the vector of exergetic costs, b is the resulting vector of the

fuel exergy flows entering to the studied system, I1 is the exergoeconomic costs vector, and b is the
resulting vector containing the fuel economic costs. These vectors are written as follows:

Ef E Iy crEy cfEf
ET Eq ITy c1Eq 0
Lol e | o | . | m| 0 0
E = E; ’ b 1= 0 7 IT= H?) s b2 = 0 = 0
E? 0 T, 0 0
E: 0 Tl 0 0
E 0 s 0 0

The system of linear equations is solved simultaneously to derive the expressions of the exergetic
and exergoeconomic costs of the streams of gas turbine, which are presented in Table 4.

Table 4. Exergetic and exergoeconomic costs in terms of the exergy flows of the gas turbine streams.

Exergetic Costs det(A) = E6 Ez;—E4 Exergoeconomic Costs det(A) =E¢ (E3 —E4
g g

* - .
Ey Ey Iy csEf
E¥ E; I, 0
. . Ef+E Es . f
Eik El + E_:,f,iﬁ1 H2 EZCfEf
. Ef+E1) (E5+Es) E E .
E* E (7 I1 1+ 3= =3 E
3 3 R (B 3 A A
. Ef+E1)(E5+Eb> E4(E5+E6>
4 4 56(53—54) 4 56(53—54) f=f
- E/+E Es . 1
E;: ES .fEG 1 H5 EicfEf
E¥ Ey s crEf

The exergoeconomic operation cost is the cost required for equipment to carry out its productive
functions. This cost is associated with the exergy destruction of an equipment or process, and can only
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be obtained by pursuing an exergoeconomic analysis. The exergoeconomic operation cost of a piece of
equipment corresponds to the cost of additional fuel flow required to cover the exergy destruction, at
the same time that generates the same product exergy flow:

EOC; = cg,(Fi — Py), (17)

where o
CF = 71: (18)

ja

The mathematic models of the exergoeconomic operation costs of the compressor, the combustion
chamber, the turbine, and the overall gas turbine are presented in Table 5. These are expressed in
terms of the compressor pressure ratio, turbine inlet temperature, the low heating value of fuel, the
adiabatic flame temperature, the compressor and turbine efficiencies, the price of fuel, and the ambient
temperature, among others.

Table 5. Exergoeconomic operation costs.

Component Exergoeconomic Operation Costs (EOC)
ln(l+ng”71)fxa In 7. ; .
_ T 1 ¢ E
Compressor EOC. = . (Tg) e (EicfEf)
Combustion ~ EOCee = LHV (1= ) cp—cpeToc (B —1—In (1) +xgIn (e (1- APe)
T -1 T Yo _1 P,
Charmber prfac Toer (3 (1 57) ~1 - (8 (1= 5)) + 20 n (fire))
Blammon(s (=20))) oY
Turbine EOC; = - L (.—5 + 1) cfEf
(o ) ) B
Gas turbine EOCgt = EOC, 4+ EOC,. + EOC;

From the inspection of the mathematical models of the operation exergetic and exergoeconomic
costs, we can see that their values increase when the compressor and/or turbine isentropic
efficiencies decrease.

2.5. Environmental Potentials of Gas Turbine Emissions

The values of the Global Warming, Acid Rain, Smog Formation, and Human Toxicity potentials are
shown in Table 6 [23-26]. The global warming potential of CO is greater than that of CO,; nevertheless,
the values of acid rain and smog formation potential for CO and CO; are 0.

Table 6. Global warming, acid rain, smog formation, and human toxicity potentials.

Gas Emission ~ GWP (K8, oq/k8;)  ARP (kggp, oq/k8;)  SFP (kgnoxeq/k8i)  HTP (kgpp eq/ks:)

CO 3 0 0 0.00014
CO, 1 0 0 0
CnhHm 21 in CHy 0 0.015in CHy 0
. 1.07 in NO .
NOy 40 in NO, 0.7 in NO, 1 0.002 in NO,

The global warming, smog formation, acid rain, and human toxicity indexes are a function of
(1) the technological parameters 7, 7, ¢, ¢, and TIT; (2) the thermodynamic parameters rfa, CPgc
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CPa, Xgc, and xg; (3) the environmental parameter T1; and (4) the mass fraction of the pollutant gases f;.
These environmental potentials are given by:

e = 36 106 (1+ Vfﬂ)g (fi)(GWP) . 9C0, e )
A+rfa By (1- ) - & (e —1) ~ kWh

e = 36 106 (1+ ffﬂ); (fi)(SFP;) ~ INOx e 20
A+ rfa)gym (1- k) =g (mee 1) KW

Iur = 3.6 x 10° o rfa); e [=]8502 0 1)
(e rfa)Gym (1 2k ) = (rem -1 KA

(1+ rfa)S] () (HTP)
Iyt = 3.6 x 10° 1 [=] %ﬁ;;’ (22)

(1 +rfa)z%y 7 (1 — mlxg> — % (rt¥a —1)

3. Results and Discussion

3.1. Actual Operating Conditions

The values of temperature, pressure, enthalpy, entropy, and exergy flow rate of each state of the
gas turbine M501F3 in the operation conditions depicted in Table 1 are presented in Table 7.

Table 7. GT power plant thermodynamic states and exergetic streams.

Steam T (°C)  P(ba)) rit(kgls) h(kJkg s(IkgK)  E (kW)

f - - 7.68 - - 332,166.73
1 25 1.013 313.40 0 6.7591 0

2 433.77 16.212 313.40 415.04 6.8321 123,255.41
3 1300 15.887 321.08 1566.86 7.7327 409,904.71
4 617.57 1.023 321.08 728.22 7.8420 130,159.25
5 - - - - - 130,078.37
6 - - - - - 139,200.00

The computed values of the fuel flow rate, the thermal efficiency of the gas turbine, and the exergy
flow rate of the fuel consumption are given, respectively, by:

titg = 7.68Kg/s, fing, = 36.61 %, Ef = 332,166.73 kW.

By substituting the pertinent values in the expressions of Table 3, the obtained values of the
exergetic and exergoeconomic costs of each stream are summarized in Table 8.

Table 8. Exergetic and exergoeconomic costs of the gas turbine streams.

Stream k* () E* (kW) ¢ (USD/GJ]) I1(USD/h)

f 1 332,166.73 2.03 2429.29
1 1 0 0 0

2 3.2477 400,298.92 6.59 2927.57
3 2.2969 941,538.86 4.66 6885.91
4 2.2969 298,971.92 4.66 2186.52
5 2.3862 310,400.21 4.84 2270.10
6 2.3862 332,166.73 4.84 2429.29
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In Table 8, k} is the unitary exergetic cost of the fuels for each component. For the combustion
chamber, kj = k? ; for the compressor, ki = kZ; and, for the turbine, kf = k3. The unitary fuel
exergoeconomic costs are obtained analogically.

The computed values of the fuel and product irreversibilities, exergetic efficiency, and operation
exergetic and exergoeconomic costs of each component of the gas turbine are presented in Table 9.
These results are obtained on the basis of the productive structure of the gas turbine of the Figure 3
and the exergoeconomic methodology, as explained above.

Table 9. Fuel and product, irreversibilities, exergetic efficiency, and exergetic and exergoeconomic

operation costs.

Equipment  F (kW) P (kW) 1 (kW) Nex (%) ¢f(USD/GJ)  EOC (USD/h)
C 130,078.37 12325541  6822.96 94.75 484 119.07
cc 332,166.73  286,649.3 4551743 86.29 2.03 332.89
t 27974545  269,27837  10,467.08 96.25 4.66 175.83

The exergetic efficiency and the exergetic and exergoeconomic operation costs of gas turbine are
HexGT = 41.90% and EOCgr = 627.79 USD/h, respectively.

The results of the global warming, smog formation, acid rain, and human toxicity indexes are
shown in Table 10 for the operation conditions presented in Table 11. The values of the global warming
and the smog formation indexes are within the intervals reported by Turconi [24], which correspond
to 380-1000 g, eq /kWh and 0.2-3.8 gnox eq/ kWh, respectively. Nevertheless, the value of the acid
rain index is greater than the values reported by Turconi (0.01-0.32 gg, o /kWh). For gas turbine
operation, no values for the human toxicity index have been reported in the scientific literature.

Table 10. Environmental indexes and human toxicity index for gas turbine M501F3 to actual conditions.

Index Value

Iew (8co, eq/kKWh) 556.76
IAR (gSOZ eq/kWh) 3.9334
Isr (8NOx eq/kWh) 3.7745
It (8pb eq/kWh) 0.00096

A parametric analysis is pursued to evaluate the Mitsubishi M501F3 gas turbine performance,
environmental indexes and human toxicity index, irreversibilities, and the exergetic and
exergoeconomic costs. In this parametric analysis, the turbine inlet temperature, the compressor
pressure ratio, and the fuel flow rate are taken as the parameters.

The gas turbine irreversibility flow rates are presented in the Grassmann diagram in Figure 4.
The chemical reactions occurring in the combustion process cause an irreversibility flow of
47,997 .44 kW. The addition of excess air at different temperatures, for being mixed with the combustion
gases to diminish the turbine inlet temperature, generates an irreversibility flow of 45,517.43 kW.
The irreversibility flows produced by the turbine and the compressor are 10,467.08 kW and 6,822.96 kW,
respectively. The exergy flow of exhaust gases is 130,159.25 kW, and of the gas turbine power output
is 139,200 kW.



Entropy 2016, 18, 286 11 of 26
Table 11. Computed gas turbine cycle performance; exergoeconomic, environmental, and human toxicity indexes under different operating conditions.
o i Parameters Performance Index Exergoeconomic Indexes Environmental and Human Toxicity Indexes
perating .
Condition Point nr LY Wm T, (%) EOCgr Igw Ixr Isp Iyt
Je) € (kgls) (KJ/kg) (%) TexGT (USD/h)  (8eq co,/kWh)  (8eq 50,/kWh)  (8eq NOX'KWh)  (8eq pb/kWh)
Actual A 1300 16 7.68 44413 36.61 41.90 627.79 560.76 3.95 3.79 0.00103
Design B 1400 16 7.73 503.35 36.35 41.60 641.92 560.72 3.96 3.80 0.000974
Maximum, W, C 1300 1521 777 44414 36.18 41.41 639.88 569.73 4.02 3.85 0.00111
Minimum, r¢ D 1100 16 7.64 327.85 36.79 4211 619.47 553.90 3.91 3.75 0.000962
Process % Deviation = (indexgna — indeXinitial) /indeXipitiar 100
B— A -072 1176 +0.72 +0.72 —2.20 +0.0065 —0.2882 —0.0875 +5.75
A—-C +1.18  +0.003 —1.17 -1.17 +1.92 +1.5993 +1.7895 +1.5955 +7.76
A—-D —048 —26.18 +0.48 +0.48 -1.32 —1.2233 —0.9314 —1.1305 —6.60
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e

Fuel: ms LHV =380,164.18 kW (100%)

I, =47,997.44 KW (12.62%)

c

1. =10,467.08 kW (2.75%)

I_-45517.43 kW (11.97%)

IC =6,822.96 kW (1.79%) Exhaust gases

E, = 130,159.25 kW
(34.23%)

W_ =139,200 MW (36.61%)

Figure 4. Gas turbine Grassmann diagram.

3.2. Parametric Analysis

The behavior of the exergetic efficiency of the compressor, combustion chamber, turbine, and the
overall gas turbine as a function of the specific work output delivered by the gas turbine, for different
turbine inlet temperatures and different values of compressor pressure ratios, is depicted in Figure 5.
In this figure, point A is the actual operating conditions, with a turbine inlet temperature of 1300 °C
and a compressor pressure ratio of 16; point B represents one design operating condition associated to
a turbine inlet temperature of 1400 °C and a compressor pressure ratio of 16, the same for point A;
point C is the condition for which the gas turbine provides the maximum specific work output for the
same turbine inlet temperature of point A, and with an optimum pressure ratio of 15.21; and point D is
the condition of minimum fuel flow rate for the compressor pressure ratio of points A and B and a
turbine inlet temperature of 1100 °C. The computed values of fuel flow, specific work output, thermal
efficiency; the exergoeconomic operation costs and exergetic efficiency of the gas turbine cycle; and the
environmental and human toxicity indicators at the operating conditions of points A, B, C, and D are
summarized in Table 12.
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Figure 5. Exergetic efficiency of the (a) compressor; (b) combustion chamber; (c) turbine; and (d) gas
turbine versus the specific work output for different turbine inlet temperatures and different
compression pressure ratios.

Table 12. Computed exergoeconomic indexes for the gas turbine cycle and its components under
different operating conditions.

. Parameter Compressor Combustion Turbine Gas Turbine
Operating Point Chamber
Condition TIT g« EOC g EOC  ne  EOC g EOC
0 ¢ (%) (USD/h) (%) (USD/h) (%) (USD/h) (%) (USD/h)
Actual A 1300 16 9475 11907 86.29 33289 9625 17583 4190 627.79
Design B 1400 16 9475 10583 8453 37846 9646 157.62 4160 64192
Maximum Wp, C 1300 1521 94.67 119.10 85.88 34691 9629 17386 4141 639.88

Minimum ¢ D 1100 16 9475 16052  90.65 22599 9574 23295 4211 61947

Process % Deviation = (indeXgna) — indeX;nitial) /indeX;initia1 100

B—-A 0 +12.51 +2.08 —12.04 -0.21 +11.54 +0.72 —2.20
A—-C —0.082 +0.024 —047 +4.21 +0.04 -1.11 -1.17  +1.92
A—-D 0 +34.81 +5.04 —3211 —0.53 +3248 +048 -—-1.32

For a given turbine inlet temperature, it can be observed from Figure 5a—d that there exists a
pressure ratio maximizing the specific work output. The behavior of the exergetic efficiency as a
function of specific work output for the main components of the gas turbine and the engine itself
observed from these figures is as follows:

e  The compressor exergetic efficiency increases as the compressor pressure ratio increases, as can be
seen in Figure 5a.

e  The combustion chamber exergetic efficiency presents an increasing tendency with respect to the
compressor pressure ratio, as seen in Figure 5b.

e The expansion turbine exergetic efficiency is a decreasing function of the compressor pressure
ratio, as shown in Figure 5c.

e  The gas turbine exergetic efficiency increases with the compressor pressure ratio of the compressor,
as can be seen in Figure 5d.
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For a given compressor pressure ratio, the relationships between the specific work output on

the exergetic efficiency of the gas turbine components and the gas turbine varying the turbine inlet
temperature are listed below:

The compressor exergetic efficiency has no influence on the specific work output, which means
that for this component the exergetic efficiency is not a function of the turbine inlet temperature,
as can be noted from Figure 5a.

The combustion chamber exergetic efficiency decreases as the turbine inlet temperature increases,
as can be inferred from Figure 5b.

The turbine exergetic efficiency is an increasing function on the turbine inlet temperature, as can
be seen in Figure 5c.

The gas turbine exergetic efficiency accepts a turbine inlet temperature maximizing its exergetic
efficiency. This critical temperature minimizes the fuel flow rate by keeping constant the
compressor pressure ratio, as depicted in Figure 5d.

The profiles of the exergoeconomic operation costs of the compressor, combustion chamber,

turbine, and the gas turbine cycle as a function of the fuel flow rate for different turbine inlet

temperatures and different values of compressor pressure ratios are shown in Figure 6.
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Figure 6. Exergoeconomic operation costs of the (a) compressor; (b) combustion chamber; (c) turbine
as a function of the fuel flow rate varying the TIT and compressor pressure ratio. Exergoeconomic
operation costs of the gas turbine cycle as a function of the fuel flow rate; (d) varying the compressor
pressure ratio at TIT = 1300 °C; and (e) varying the TIT at 7r¢ = 16.

Figure 6 shows that for each turbine inlet temperature, the exergoeconomic operation costs of:

e the compressor reach a minimum value for the compressor pressure ratio generating the maximum
useful specific work output, and consequently the minimum air flowing rate. However, the fuel
flow as a function of the compressor pressure ratio presents a minimum in the compressor pressure
ratio used to obtain the maximum gas turbine thermal efficiency (see Figure 6a);

the combustion chamber and the fuel flow rate are monotonically decreasing functions of the
compressor pressure ratio, as shown in Figure 6b;

the turbine and the fuel flow rate present strictly increasing and decreasing behavior, respectively,
as the compressor pressure ratio increases, as can be seen in Figure 6¢; and

the gas turbine cycle, as well as the fuel flow, decrease when the compressor pressure ratio
increases (see Figure 6d).

From the same figure, it can be observed that for a given compressor pressure ratio the
exergoeconomic operation costs of:

e the compressor present decreasing behavior as the turbine inlet temperature increases, as shown
in Figure 6a;

e the combustion chamber and the fuel flow rate increase with an increase in the turbine inlet
temperatures. It also must be pointed out that a specific turbine inlet temperature minimizes the
fuel flow rate (see Figure 6b);

e the turbine decrease as the turbine inlet temperature increases, and the fuel flow reaches a
minimum value for a given turbine inlet temperature, as illustrated in Figure 6c.

e the gas turbine cycle and the fuel flow rate decrease when the turbine inlet temperature decreases.
However, it must be noted that there is a turbine inlet temperature maximizing the fuel flow rate,
as shown in Figure 6e.

The effect of the specific work output provided by the gas on the profiles of the gas turbine
thermal efficiency, exergetic efficiency, and the exergoeconomic operation costs of the gas turbine and
their components is shown in Figure 7 for a turbine inlet temperature of 1300 °C and varying the
compressor pressure ratio (Figure 7a), and for a compressor pressure ratio of 16 with variations in the
turbine inlet temperature (Figure 7b).
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Figure 7. Effect of the specific work output provided by the gas on the profiles of the gas turbine

thermal efficiency, exergetic efficiency, and exergoeconomic operations costs of the gas turbine and

its components (a) for TIT = 1300 °C and with variations of the compressor pressure ratio; and (b) for

7tc = 16 with variations of the turbine inlet temperature.
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The gas turbine thermal and exergetic efficiencies present the same behavior with respect to the
specific work output in both Figure 7a,b. On the one hand, the thermal efficiency is lower than the
exergetic efficiency, since the exergetic efficiency corresponds to the thermal efficiency affected by
the Carnot factor, which in this case takes the value of 0.8737. On the other hand, the gas turbine
exergoeconomic operation costs increase by diminishing the exergetic efficiency and this decrease is
proportional to the factor (1 —NextG)-

For a turbine inlet temperature of 1300 °C, it can be observed from Figure 7a that the specific
work output delivered by the gas turbine, understood as a function of the compressor pressure ratio,
has a critical compressor pressure ratio (Top wy, in Figure 7a) maximizing it. This fact leads to the
existence of two different compressor pressure ratios associated to the same specific work output.
However, these points also have different thermal and exergetic efficiencies, as well as different
exergoeconomic operation costs. For example, points E and F of Figure 7a are related to a specific work
output of 441.78 k] /kg and a compressor pressure ratio of 12.91 and 19.11, respectively. In this way, the
efficiencies of point E are lower than those of point F, and the exergoecomomic operation costs of point
E are therefore greater than those of point F. For the operation range of Figure 7a, the exergoeconomic
operation costs of the gas turbine and its components present the same behavior; nevertheless, the
combustion chamber is the main contributor to the gas turbine’s exergoeconomic operation costs.

For a compressor pressure ratio of 16, Figure 7b shows the specific work output delivered by the
gas turbine, viewed as a function of turbine inlet temperature. The turbine has a critical temperature
of 1100 °C at point D. This maximum corresponds to the minimum fuel flow rate, as well as to the
maximum thermal and exergetic efficiencies and therefore to the minimum gas turbine exergoeconomic
operation costs. For a turbine inlet temperature range below 1100 °C, the gas turbine’s exergoeconomic
operation costs are mainly affected by the exergoeconomic operation costs of the turbine, followed
by those of the compressor. However, for a turbine inlet temperature above 1100 °C, the combustion
chamber exergoeconomic operation costs contribute the most to the gas turbine exergoeconomic
operation costs.

Figure 8 presents the effect of the exhaust gases temperature (EGT) on the fuel flow rate and
environmental and human toxicity indexes profiles, for a turbine inlet temperature of 1300 °C
(Figure 8a) and a compressor pressure ratio of 16 (Figure 8b). For a turbine inlet temperature of 1300 °C,
Figure 8a shows that when the compressor pressure ratio increases the fuel flow rate decreases, leading
to a reduction in the exhaust gas temperature and in the contaminant gases mass flow rate, resulting in
a decreasing profile of the environmental and human toxicity indexes. The behavior of the indexes is
similar to the profile of the fuel flow rate, i.e., by using gas turbines with a high compressor pressure
ratio the environmental impact can be reduced. However, in a combined cycle plant, the exhaust gas
temperature must be greater than 600 °C and the compressor pressure ratio is not necessarily large.
Figure 8b shows that, for a compressor pressure ratio of 16, the exhaust gas temperature can exceed
600 °C without severely impacting the environmental and human toxicity indexes.

Figure 8 shows the computed values of global warming index is within the intervals reported
by Turconi, corresponding to 380-1000 g-q, eq /kWh, while the computed values for the acid
rain index are greater than those reported by Turconi at 0.01-0.32 g0, o4 /kWh. Almost all the
smog formation indexes calculated in this work are within the interval reported by Turconi [24],
which correspond to 0.2-3.8 gnoxeq/kWh; however, a turbine inlet temperature of 1300 °C and
compressor pressure ratios lower than 15.51, the computed values for this index, are greater than
those reported by Turconi. The human toxicity index performed in this study is within the interval of
96.26 x 107°-98.26 x 10> 8Pb eq /kWh, and, at this time, no interval for this index has been reported
in the literature.
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Figure 8. Effect of the turbine exhaust gases temperature (EGT) on the fuel flow rate and environmental

and human toxicity indexes profiles (a) for TIT = 1300 °C and with variations of the compressor

pressure ratio; and (b) for 7t¢ = 16 with variations of the turbine inlet temperature.

3.3. Comparison between the Actual Operating Condition and the Design, Maximum Work Output,

and Minimum Fuel Flow Rate Conditions

The gas turbine Grassmann diagrams for the actual operating condition (point A), design
condition (point B), maximum specific work output condition (point C), and minimum fuel flow
rate condition (point D) are presented in Figure 9. This figure shows that for all the listed operation
conditions considered in this work, the exergetic losses produced by the irreversibility of the natural
gas combustion correspond to 12.62%. The highest exergetic losses occur when the exhaust gases are
released into the environment and the gas turbine component with the highest irreversibility is the
combustion chamber. However, the lower exergetic losses of releasing the exhaust gases correspond
to the design condition (see Figure 9b). Moreover, the operating condition with the lowest fuel
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consumption has the greatest fuel exergy exploitation to generate power and the highest gas turbine
exergetic efficiency, corresponding to 36.79% (see Figure 9d).

Fuel: iy LHV = 380,164.18 kW (100%) Fuel: mLitv < 382,830.57 kW (100%)
Loy = 47.997.44 14N (1262%) / I =48346.71 KW (12.62%)
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Figure 9. Gas turbine Grassmann diagram at different operating conditions: (a) the actual operating
condition (point A); (b) the design condition (point B); (c) the maximum specific work output condition
(point C); and (d) the minimum fuel flow rate condition (point D).

3.4. Comparison between the Design Condition (Point B) and the Actual Operating Condition (Point A)

By decreasing the turbine inlet temperature from 1400 °C (point B) to 1300 °C (point A) and
keeping constant the compressor pressure ratio of 16 (points A and B), as shown in Table 11 as well as
in Figure 10a, the fuel flow rate decreases by 0.72%, the specific work output is reduced by 11.76%,
and both the gas turbine thermal and the exergetic efficiencies increase by 0.72%. The increment in
the gas turbine exergetic efficiency is mainly due to the increase in the combustion chamber exergetic
efficiency, while the compressor exergetic efficiency does not show a change and the turbine exergetic
efficiency decreases by 0.21%, as can be seen in Table 12. The gas turbine exergoeconomic operation
cost decreases by 2.20%, since the combustion chamber exergoeconomic operation cost is reduced by
12.04% although the compressor and turbine exergoeconomic operation costs increase by 12.51% and
11.548%, respectively (see Figure 10b and Table 12). The global warming and the human toxicity index
increase by 0.0065% and 5.75%, respectively, while the acid rain and smog formation indexes decrease
by 0.2882 and 0.0875%, respectively.
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Figure 10. (a) Comparison of the performance and exergoeconomic and environmental indexes when

changing the operating conditions; and (b) contribution of the exergoeconomic operation costs of the

compressor, combustion chamber and turbine in the gas turbine’s exergoeconomic operation cost.

3.5. Comparison between the Actual Operating Condition (Point A) and the Maximum Specific Work Output

Condition (Point C)

By changing the compressor pressure ratio from 16 (point A) to 15.21 (point C), for a turbine
inlet temperature of 1300 °C (points A and C), Table 11 and Figure 10a show that 1.18% more fuel
flow is required to increase by 0.003% the specific work output, such that the maximum specific work
output is reached. This change results in a decrement of 1.17% of the gas turbine thermal and exergetic
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efficiency. From Table 12, it can be observed the decrease in the gas turbine exergetic efficiency is a
consequence of a reduction in the exergetic efficiency of the compressor and combustion chamber even
though the turbine exergetic efficiency increases by 0.04%. To reach the condition of maximum specific
work output leads to a higher gas turbine exergoeconomic operation cost, since the exergoeconomic
operation costs of the compressor and the combustion chamber are increased by 0.024% and 4.21%,
respectively, and the turbine exergoeconomic operation costs decrease by 1.11% (see Figure 10b and
Table 12). As shown in Figure 10b and Table 12, the price of reaching the maximum specific work
output condition is not only economic, since all the environmental and human toxicity indexes increase.

3.6. Comparison between the Actual Operating Condition (Point A) and the Minimum Fuel Flow Rate
Condition (Point D)

For a compressor pressure ratio of 16 (points A and D), Table 11 and Figure 10b show that the
change in the turbine inlet temperature from 1300 °C (point A) to 1100 °C (point D) causes a decrease
in a 0.48% of fuel flow rate, as a consequence of a specific work output drop of 26.18%, and a rise
in the gas turbine thermal and exergetic efficiencies of 0.48%. Table 12 shows that the compressor
exergetic efficiency remains constant while the combustion chamber exergetic efficiency increases by
5.04%, at the same time as the turbine exergetic efficiency decreases by 0.53%. Figure 10b and Table 12
show that a condition of minimum fuel flow rate and maximum thermal efficiency for a compressor
pressure ratio of 16 leads to a lower gas turbine exergoeconomic operation cost, due to the reduction of
the combustion chamber’s exergoeconomic operation costs by 32.11% (although the exergoeconomic
operation costs of the compressor and turbine increase by 34.81% and 32.48%, respectively). As shown
in Figure 10b and Table 12, the condition of point D corresponds to the condition that impacts the
environment least, since all the environmental and human toxicity indexes present a decrement.

3.7. Influence of the Natural Gas Spot Prices in Mexico on the Exergoeconomic Operation Costs of the Gas
Turbine and Their Components

The natural gas spot price historical data in Mexico from January 2013 to March 2016 are presented
in Figure 11a. The natural gas price has fluctuations over time, and these fluctuations influence
in the same way the exergoeconomic operation costs of the gas turbine and its components, the
electrical power exergoeconomic production costs, and the residue exergoeconomic costs, as shown
in Figure 11b-d. Even though there are monthly changes in the price of natural gas, the compressor,
combustion chamber, and turbine always contribute 18.96%, 53.02%, and 28%, respectively, to the gas
turbine exergoeconomic operation costs (Figure 11b).

1200

_35
L 1000
g "
g2 £ 80 £0C,
3 2 a
2 2 600
- =
g1 g EOC
= w400 -
2 1
w
& 200 HH
K] 0.5
F] EOC,
go T L e e e e LA B e e i ELE RN EREEEEE L E N RN e i LN RN R
I I I I I R R N I B N S - I I I )
R O MO OO FIFTE T LTS TSI S5
S PN L CPP NN T NE &S & D S PN A PN AP NS
CR T F ISR FF R FF F T FFT LI TFI ST LI TFE S
O W@ Q& Q& @ Q& & @ Q& & Q@ SR & & W@ & & ¥ @ & & ¥ @
& & & & & ¢ & S ¥ & & & & ¢ & & & & & ¥
(_)zq O ‘7,29 S 599 I R 8 '-PQ N LFQ 9
(a) (b)

Figure 11. Cont.



Entropy 2016, 18, 286 22 of 26

4000 4000
3500 3500

3000 - 3000 -
= 2500 1 = 2500 |
£ £
g 2000 | g_ 2000
& 1500 £ 1500

1000 1000

500 500

0 X ALY ALE ALE ALEL 0 : A
G P

A
I SIC IS ) S e 5.9,
2 7SS SRR R R R R R &.@”&0’”.@“’@ \"\, .‘9“'0"’,193"’ qp*'wco NGNS
PP P BN A BN AP AP S IR P L Ol
S SR S g Rt g g gl il g g
FF VN FF F I T FF ST S R g R S O G O
& & & \@9\\7}‘ W« & & & & & & & & & & & & S & & &
& 2 o E & ® £ P
() (d)

Figure 11. (a) Natural gas spot prices in Mexico and their influence on (b) the exergoeconomic operation
costs of the gas turbine and its components; (c) the electrical power exergoeconomic production costs;
and (d) the residue exergoeconomic costs for the actual operating conditions.

In agreement with the authors” experience, some economic and practical techniques to reduce the
impact of the exergoeconomic costs due to the fluctuations of the price of natural gas are to implement:

e Anair-cooled condenser fogging system at the compressor entrance, to enhance the compressor
performance, reduce the irreversibilities in the compressor, as well as in the combustion chamber,
and consequently to bring down the exergoeconomic operation costs of these components and
therefore the gas turbine exergoeconomic operation costs.

e A steam injection system in the combustion chamber reduces the fuel consumption, impacting
favorably the environmental and human toxicity indexes, the electrical power exergoeconomic
production costs, and the residue exergoeconomic costs. Moreover, this action disfavors
NOy production.

e A heat recovery steam generator, to couple the gas turbine to a steam cycle in a combined cycle
system, in order to reduce the residue exergoeconomic cost.

4. Conclusions

In this paper a methodology to carry out an exergoeconomical-environmental analysis of the gas
turbine M501F3 is developed, based on a parametric analysis of the performance, exergoeconomic,
environmental, and human toxicity indexes, and taking the compressor pressure ratio and the inlet gas
turbine temperature as the parameters. The aim of this methodology is to provide a tool to diagnose
the gas turbine performance and to determine possible actions that would lead to an improvement in
the exergoeconomic, environmental, and human toxicity indexes. The application of this methodology
can be extended, without loss of generality, to other energetic systems.

For the gas turbine cycle, the exergetic efficiency and the thermal efficiency are proportionally
related to the dimensionless exergetic temperature, while the exergoeconomic operation cost is
proportional to the factor (1 — #.xgT) and to the natural gas price. The environmental and human
toxicity indexes are also related to the exergetic efficiency, proving that all the indexes presented in this
work are closely related via the gas turbine exergetic efficiency.

The parametric analysis, taking the turbine inlet temperature and the compressor pressure ratio
as the parameters, allows us to conclude generally that for a turbine inlet temperature, the specific
work output delivered by the gas turbine has a critical compressor pressure ratio maximizing it.
This leads to two different compressor pressure ratios associated with the same specific work output.
However, these points also have different thermal and exergetic efficiencies, as well as different
exergoeconomic operation costs. On the other hand, for a given compressor pressure ratio, the gas
turbine exergetic efficiency accepts a turbine inlet temperature maximizing its exergetic efficiency.
This critical temperature also minimizes the fuel flow rate by keeping the compressor pressure ratio
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constant. The gas turbine exergoeconomic operation cost and the fuel flow rate decrease when the
turbine inlet temperature decreases.

For the assumed natural gas composition and dead state temperature, the irreversibility generated
in the combustion chamber represents 12.62% of the gas turbine exergetic losses. These irreversibilities
are related to the adiabatic flame temperature, which in turn depends on the fuel gas composition, and
the dead state temperature corresponds generally to the ambient temperature. The fuel gas composition
is then a very important variable to control the performance, exergoeconomic, environmental, and
human toxicity indexes. From a practical point of view, the proper operation and maintenance
of the fuel gas conditioning system and the combustion chamber are critical to avoid increasing
the irreversibilities in the combustion chamber. Since the combustion chamber is the gas turbine
component that presents the highest irreversibility, and the exhaust gases are the main source of
exergetic losses, thus, this gas turbine component has the lowest exergetic efficiency, as well as the
highest exergoeconomic operation costs.

In this work, the environmental and human toxicity indexes are explicitly expressed in terms of
the fuel flow rate and the gas turbine exergetic efficiency, allowing us to describe and monitor the
impact of the gas turbine performance on the environment and human health. The global warming
and smog formation index computed in this work are within the ranges reported by Turconi, while the
acid rain index is outside of the intervals reported by the same author. In the literature, the human
toxicity index is commonly determined for chemical processes; however, it has not been computed for
power generation cycles. The estimation of this index is thus a contribution of this work.

For the analysis of the gas turbine M501F3, the operating condition corresponding to a compressor
pressure ratio of 16 and a turbine inlet temperature of 1100 °C (point D), presents the best performance
(energetic), exergoeconomic, environmental, and human toxicity indexes. This point is associated with
the lowest fuel consumption and therefore presents the highest gas turbine thermal and exergetic
efficiencies, the lowest gas turbine exergoeconomic operation costs, and the lowest environmental and
human toxicity indexes. However, the gas turbine cannot be coupled with a steam cycle, because the
exhaust gases temperature related to this operation condition is 493.31 °C.
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Nomenclature

A cost matrix

AFT adiabatic flame temperature; [°C or K]

ARP Acid Rain Potential; [kggp, o /kg;]

b vector of exergy flows of the fuels of inlet to study system
C unitary exergoeconomic cost; [USD/GJ]

C compressor

cc combustion chamber

cp specific heat capacity, at constant pressure; [k] /kgK]
EG electric generator

EGT exhaust gases temperature; [°C or K]

EOC exergoeconomic operation cost; [USD/h]

E exergy rate; [kW]
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E* exergetic cost; [kW]

E* vector of exergetic costs

F exergy resource flow rate; [kW]

GT gas turbine

GWP Global Warming Potential; [kgco, oq /kg;]
h specific enthalpy; [k] /kg]

HTP Human Toxicology Potential; [kgpp eq/ kgl
I irreversibility rate; [kW]

LHV low heating value of fuel; [k]/kgy]
k unitary exergetic cost; [-]

m mass flow rate; [kg/s]

P pressure; [bar or Pa]

exergy product flow rate; [kW]

qH specific heat supplied or rejected; [k] /kg]
R gas constant; [k] /kg-K]

raf air/fuel ratio on a mass basis; [kg, /kgs]
rfa fuel/air ratio on a mass basis; [kgs/kga]

s specific entropy; [k] /kg-K]

SFP Smog Formation Potential; [kgnox eq/kgi]
t turbine

T temperature; [°C or K]

TIT turbine inlet temperature; [°C or K]

Wm specific work output; [k] /kg]

W power output; [MW]

X ratio of ideal gas constant to specific heat at constant pressure; [-]
[X] mole fraction; [%]

y ratio of temperature inlet high pressure turbine to temperature inlet compressor; [-]
Greek letters

3 specific exergy; [k]/kg]

Q relative humidity; [%]

1 efficiency; [%]

T pressure ratio; [-]

IT exergoeconomic cost; [USD/h]

1l vector of exergoeconomic costs
Subscripts

0 dead state

1,...,6 states or stream of the gas turbine

a air

amb ambient

AR acid rain

C compressor

cc combustion chamber

ex exergetic

f fuel
F resource
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GW
HT

exhaust
global warming
human toxicity

opwm  optimal work output
op nth optimal thermal efficient

SF smog formation

t Turbine

th Thermal

GT gas turbine
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