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Abstract: Gas turbine plants have been widely studied, and as a result the negative effects on
their output power and thermal efficiency have been known when operating in
atmospheric conditions exceeding ISO conditions (15 ° C, 60% RH). Advanced
exergetic and exergoeconomic analyses have been applied in the study. In order to
effectively locate the sources of irreversibilities, their costs and the true potentials of
optimal energy use and capital investments. In this work was used an exergy and
exergoeconomic analysis in a Gas Turbine Power Plant, to identify that the primary
sources of irreversibilities and more significant costs.

Results show that main sources of irreversibilities and higher costs are in Combustion
Chamber (CC), Heat Recovery Steam Generator (HRSG) and Gas Turbine (GT). From
these components, the HRSG and GT have greatest potential for improvement, and
this can be achieved by improving the overall configuration of the system, due to the
fact that the destruction of exogenous exergy is in more significant measure avoidable.
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exergoeconomic exergyic analysis performed at a Thermoelectric Power Plant located
in the city of Cartagena Colombia.

The analyzes carried out have aimed to determining the influence of water vapor
injection in the combustion chamber of a Brayton Cycle and the cooling of the air
entering the compressor on the performance of the plant.

In addition, this analyze allow to determining the main sources of irreversibilities, the
percentages of destroyed exergy avoidable, not avoidable, the factors or criteria that
affect these parameters and the most representative costs associated with the process
and equipment of the analyzed thermoelectric power plant.

With this study, the foundations are laid for the implementation of this type of analysis
in thermoelectric plants with the configuration mentioned above. Once, in the review of
the scientific literature this type of analysis was not found for the configuration of the
thermoelectric power plant analyzed in this work.
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Abstract

Gas turbine power plants are increasingly used worldwide, as one of the most interesting
options in electricity generation. Therefore, these types of plants have been widely studied,
and as a result the negative effects on their output power and thermal efficiency have been
known when operating in atmospheric conditions exceeding 1SO conditions (15 °C, 60%
RH). For this reason, different technologies and methodologies have been implemented that
modify the cycle, aiming to increase the output power and improve the thermal efficiency.
Unfortunately, the lack of operational parameters of this kind of system limited its
characterization, sizing and implementation of strategies to improve its performance.
Advanced exergetic and exergoeconomic analyses have been applied in the study. In order

to effectively locate the sources of irreversibilities, their costs and the true potentials of
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optimal energy use and capital investments. In this work was used an exergy and
exergoeconomic analysis in a Gas Turbine Power Plant, to identify that the primary sources
of irreversibilities and more significant costs.

Results obtained in this research shows that the main sources of irreversibilities and higher
costs are in Combustion Chamber (CC), Heat Recovery Steam Generator (HRSG) and Gas
Turbine (GT). From these components, the components the HRSG and GT have greatest
potential for improvement, and this can be achieved by improving the overall configuration
of the system, due to the fact that the destruction of exogenous exergy is in more significant
measure avoidable. While higher costs of investment can be reduced in Combustion Chamber
and Gas Turbine. Methodology implemented in this work can be used to improve energy and
economic performance in Stig cycle power plants with air cooling with a compression

refrigeration machine, combined-cycle systems, or hybrid plants.
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Nomenclature
C Total cost (USD/s) Superscript
c Specific cost per unit of .
e>|?ergy (USD/kJ;D AV Avoidable
Cp Specific heat (kJ/kg°C) CH Chemistry
E Exergy board (kJ/s) Cl Investment capital
e Exergia specific (kJ/kg) EN Endogenous
h Specific Enthalpy (kJ/kg) EX Exogenous
m Mass flow (kg/s) PH Physics
P Pressure (kPa) SU Supply
Q Heat transfer (kW) UN Unavoidable
R &3?§gr_t|8f ideal gases Abbreviations
Rp Pressure Ratio C Compressor
T Temperature (°C) CcC Combustion chamber
W Work (kW) Fraction of steam injected
CDP into the pre-combustion
chamber
S Entropy (kJ/kg°C) CH1 Refrigeration machine 1
CH2 Refrigeration machine 2
7 Investment cost (USD/s) CP Pump water to condensers
Greek Letters CT Cooling tower
o Stoichiometric air AC Air Cooler
€ Exergy Efficiency Cond Condenser
n Energy Efficiency EP Pump water to evaporators
A Excess air EV Expansion valve
) Operation and maintenance E Evaporator
factor vap
) Humidity FAR Fuel air ratio
Sub-index FWP Feed water pump
0 Reference state conditions GT Gas turbine
D Destruction HPC High-pressure compressor
f Fuel HRSG Heat recovery boiler
i input Air cooling at the compressor
IAC Finlet
k k-th component K Specific heat ratio
0 output LPC Low-pressure compressor
P Product MWP Make-up water pump
S isentropic RH Relative humidity
PEC Equipment purchase price
SAR Air steam ratio
TIT Turbine inlet temperature




O©CO~NOOOTA~AWNPE

WILEY-VCH

1. Introduction

Design of gas turbines is based on the recommendations and parameters given by the
International Standards Organization -1SO- which specifies as environmental design
conditions 15 °C, 60% relative humidity, and pressure at sea level. Therefore, if
environmental conditions of the installation site differ from ISO, the output electrical power,
thermal efficiency, and cost of the kilowatt/hour generated in the gas turbine plants are
affected [1]. For each degree Celsius that the ambient temperature increases above ISO
conditions, gas turbine plants lose in output power and efficiency 1.47 MW and 0.1%
respectively [2]. There are technologies to compensate the decrease in output power and
thermal efficiency in power plants with gas turbines that operate at conditions above 1SO,
some of these technologies are air cooling at the compressor inlet, steam injection and
combined cycles.

Air cooling technologies have been studied in different investigations, some of these are:
Comodi et al. [3] evaluated the effects of air cooling at the inlet on a test bench of a 100 kW
micro gas turbine. The air cooling technology selected was the electric chiller. Electric power
and thermal efficiency gain depends on ambient conditions and it reached up to 8.5 and 1.6
%, respectively, concerning the nominal conditions of the micro gas turbine. Mohapatra et
al. [4] focused on comparing the impact of two air cooling methods (steam compression and
absorption) on a single gas turbine plant and combined cycle. It was observed that, the system
performance with vapor compression inlet air cooling was superior to vapor absorption inlet
cooling. The optimum compressor inlet temperature for both scheme was found to be 20°C.
Baakeem et al. [5] simulated three air cooling technologies (mechanical steam compression,

evaporative cooling, and absorption cooling) in an 85 MW gas turbine under Riyadh desert



O©CO~NOOOTA~AWNPE

WILEY-VCH

environmental conditions. The annual power gained in the gas turbine when integrated with
evaporative cooling, mechanical vapor compression, and absorption cooling was 9%, 14.9%,
and 14.9%, respectively. Air cooling at the compressor inlet has proven to be an effective
technology for increasing the output power and efficiency of gas turbine systems, and it has
also been shown that applying this technology is profitable since the increase in power offsets
the increased investment as shown Zare et at [6], but the irreversibilities introduced by the
application of this technology are not known, nor the origin of these.

Also, the effects of steam injection into the combustion chamber systems as gas turbine
technology for power increase were studied by Xue et al. [7], obtaining that this reduces the
temperature in the burner and slightly increases the loss of total pressure when the fraction
of the weight of steam increases. For a 15% steam mass fraction, the pressure loss reaches
4.87%. Zhang et al [8], evaluated the thermodynamic performance of a gas turbine system
with steam injection, where it is highlighted that the outlet temperature of the combustion
chamber has a great impact on the efficiency of the cycle. For a combustion temperature of
1300 K and pressure ratio of 20, thermal efficiency was 51.13%, and exergetic efficiency
was 49.31%. In recent times, integrating air cooling at the compressor inlet (IAC) and steam
injection to the gas turbine power generation system (Stig cycle) is one of the most widely
used strategies to improve the performance of gas turbines, both alternatives can be
implemented without a significant modification of the integrity of the existing basic cycle.
Shukla and Singh [9] compared the specific output power of different combinations of power
increasing technology for gas turbines: Simple gas turbine cycle (GT) with steam injection
(SI), air cooling —(1AC) and steam injection (SI). The output power is increased by 7.2% for
GT with Sl, 9.5% for GT with IAC and SI. In a later study, the authors analyzed the effect of

the integration of air cooling technologies (evaporative cooling and inlet fogging) in a gas
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turbine cycle with steam injection. For parameters, TIT=1700 K, Rp=24, and environmental
conditions Tamb=318 K and RH=35%, the specific output power and thermal efficiency
increase 13.2% and 15.92%, respectively. Results showed that the inlet fogging is better than
evaporative cooling to achieve lowest temperature at the compressor inlet [10]. Other studies
integrating steam injection and combined cycle air cooling technologies: Shukla and Singh
[11] investigated the performance of a combined cycle plant with two pressure levels with
steam injection and air cooling by absorption refrigeration machine. Specific work and
thermal efficiency increase by 17.34% and 6.78% respectively when the steam air ratio
increases from 3% to 7% for a given inlet temperature, the pressure ratio of 24 and
compressor inlet temperature of 278 K. Athari et al. [12] evaluated energetically and
exergetically the gas turbine systems with stig cycle -BIFSG- and combined cycle -BIFCC,
in both cases air cooling by fogging and biogas. Evaluations show that the combined cycle
is more efficient at low pressure ratio values, unlike the stig cycle plant, which is
advantageous at high pressure ratio values. In the case of plants with a stig cycle, it has a
higher net power and less exergy lost than the combined cycle for the same conditions.

In a later study, the same authors thermo-economically analyzed the two previous systems.
The results showed that electric power production and component costs are higher in the
combined cycle than in the steam injection plant [13]. In these studies, energetic, exergy and
exergoeconomic analyzes have been carried out in complex systems of gas turbine plants
with air cooling and steam injection, the complexity of these systems increases
irreversibilities and costs, which can be optimized if necessary with more information about
its origin. With advanced exergy analysis it is possible to know the origin of the destruction

(endogenous / exogenous destroyed exergy) and the maximum potential for improving the
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systems (unavoidable / avoidable destroyed exergy). However, the advanced exergetic and
exergoeconomic analysis is not considered, as it is done in the present work.

Different thermal systems have been studied with advanced exergetic analysis, Kecebas et
al. [14] analyzed a geothermal plant. From the exergy destruction values, they identified that
the components that deserve priority to receive modifications are the heat exchangers and the
turbines. It was shown that applying the improvements to the system increased the modified
efficiency to 18.26%, while the efficiency in real conditions was 9.60%. Acikkalp et al. [15]
studied the performance of a 37 MW power generation facility. The relations between the
components are weak because of the ratio of the endogenous exergy rates of 70%. The
improvement potential of the system is 38%. It may be concluded that one should focus on
the gas turbine and combustion chamber for improving the system. Boyaghchi et al. [16]
performed an advanced exergetic analysis in a combined cycle power plant; where it is
reported that TIT and R_P of the compressor are the variables chosen to study the behavior
of the parts of the exergy destruction. Increasing the TIT and R_P of the compressor increases
the potential for improvement in most components and decreases the unavoidable part in
some components. These authors have obtained the improvement potentials for their study
plants, but they do not evaluate the economic implications of implementing them.
Advanced exergoeconomic analysis has also been used for the evaluation of thermal systems,
to know the origin of the investment costs and energy destruction, in addition to the possible
reductions of these, from the application of improvements to the systems. Acikkalp et al.
[17], analyzed a gas turbine system with regeneration, where was determined that the
relationships between the components are healthy. The potential for system improvement
and reduce investment costs is low. The results of the analysis indicate that the combustion

chamber, the high pressure steam turbine and the condenser present a potential for economic
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improvement due to their high costs of exergy destruction. Similarly, the HRSG and the
condenser present significant potential to lower your investment costs. Anvari et al. [18]
considered advanced exergetic analysis in a trigeneration plant for the production of heat,
cold and electrical power. It concludes that 29% of the total destroyed exergy and its
associated costs are avoidable endogenous, that most of the investment costs (58%) are
preventable. Author reports that the highest avoidable exergy destruction costs are presented
in the combustion chamber, followed by the air heater, HRSG, and gas turbine. Unlike these
studies, the present work investigated the effect on advanced energy, exergetic and
exergoeconomic indicators of air cooling at the compression input and steam injection in a
gas turbine.

Based on the review of the scientific literature presented above, the main contribution of this
work is the advanced exergetic and exergoeconomic analysis of Gas Turbine Plant with the
Stig cycle and air cooling at the compressor inlet and the study of the performance of the
components of this thermal power plants. In this study, the components with the highest
destruction of exergy, the real potentials for improving equipment performance, the effect on
the exergetic efficiency of a specific equipment due to the operation of the remaining
equipment, avoidable capital investments and the unavoidable capital investments are shown
for the power plant configuration defined in this research. To develop the analysis proposed
in this work, data obtained from the actual operation of a company in the industrial sector

were used.

2. Methodology

2.1.  Description of the system
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The components of the power system with Stig cycle and air cooling (Figure 1), consists of
a General Electric LM5000 gas turbogenerator, a recovery boiler (HRSG), and the air cooling
system, which are arranged so that the evaporators are in series and the condensers in parallel,
this arrangement allows the air cooling temperature to reach 8.8°C, operating condition of
the study plant (Figure 1). Atmospheric conditions of the geographic location of the
generation plant are, on average, 32 °C of temperature and 80% relative humidity [19]. Some
characteristics of the generation plant are show in Table 1.

Table 1 Characteristics of the generation plant

Item Value Reference

The mechanical efficiency (%) 98.5 [11]
Pressure drops (CC, HRSG) (%) 5 [20]
Overall Steam injection (kg/s) 10.306 [21]
Ratio steam injection in pre-combustion chamber 37.2 [21]
(%)

Ratio steam injection control generation NOXx (%) 20.3 [21]
Ratio steam injection control the turbine 42.5 [21]
temperature (%)

Chemical composition of natural gas [21].

Compound % Vol.
CH, 97.9458

N, 1.4832
Co, 0.2062
C,Hg 0.0541
C4Hqo 0.0302
CsHyo 0.0094
CeHyy 0.0189
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The flowchart of the algorithm for calculating an advanced exergoeconomic of the system
with steam injection is showed in Figure 2. In this algorithm, sequence of the studies
elaborated in the present work is presented, it is essential to point out that for each of these
analyses parameters determined from the different balances of the system and its components

are used.
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Figure 2 Calculation algorithm of an advanced exergoeconomic analysis for a gas power
cycle with the stig cycle and air cooling.

2.2.  Mass balance, energy, and thermodynamic model

Equations of the mass (Equation 1) and energy (Equation 2) balances, shown below, are
applied, assuming that the components of the analyzed system are in a stable state. Next, the
thermodynamic model is developed that allows the evaluation of each of the elements that

make up the power system with the Stig cycle and air cooling under study [22].
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Mass balance
Yy = Liitgr (Kg/s) 1
Energy balance
Qx — Wy + iy hir — Y mgrhor = 0 (KW) 2
Exergy balance
Eor —Ewx + X Eix —XEopx —Epi =0 (KW) 3

The air outlet temperature of the compression units can be obtained as follows [23]:

Kc-1

T, = 2L|RP. K¢ — 1] +T; (°C) 4
nc

Air leaving the HPC is mixed with a fraction of steam injected into the pre-combustion

chamber. The properties of air at the CC inlet are obtained from the mass balance of dry air

and water vapor, and the energy balance of the humidification process in equations 5, 6, and

7, respectively, assuming there is no change in temperature and pressure in the air stream.

mo,Air = mi,Air (Kg/s) 5
mo,Air(Do = mi,Airwi + msteam(CDP) (Kg/s) 6
mo,Airho,Air = mi,Airhi,Air + msteam(CDP)hsteam (kW) 7

The combustion process follows the analysis of reactive systems based on the first law for
stationary flows, applying Equation 8 and Equation 9 on a molar basis to obtain the exit
temperature of the combustion gases. This model foresees an energy loss in the combustion
of 2% of the energy supplied by the reagents (Q_Lo0ss=2% HR), as suggested by Tsatsaronis
in [24]. To obtain the composition of the exhaust gases, we use the moles balance of the
elements present in the combustion C, H, O, N, (Equations 12 to 15) and two complementary
equations of simultaneous reaction of chemical equilibrium for the formation of CO and NO

(Equations 16 and 17) are used [22].
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CHy + 2a(0; + 3,76N,) + (4,76Aa® + nyp, )H,0 8
— aC0, + bCO + cH,0 + d0, + eN, + fNO

Hey, + Aa(Ho, + 3,76Hy,) + (4,764a@ + nyo, )Hu,o
- aH¢o, + bH¢o + cHy,o + dHp, + eHy, + fHyo

- QLoss
a,b,c,d,e,f represent the moles of each of the species present in the exhaust gases. Equations

9

16 and 17 represent the chemical equilibrium equations for the dissociation of CO, —» CO +

%02 y%N2 + %02 — NO respectively.

— MOlH20 10
w = 1.608w <M0lAir>

Myo. = mNOXMWCH4 (MOZH 0) 11

X ey, MWy,o \Molcy,
Balance of C 12

l1->a+b

Balance of H 13

4 +2(4,76 a@ + nyp, ) > 2c
Balance of O 14

22a + (4,76 aw + nyp,) > 2a+b+c+2d + f
Balance of N 15
2Aa(3,76) — 2e + f
pVcodV0:

KPC02 = W 16
frwo 17

PNO = eVdeVOZ
Chemical equilibrium constants for the ideal gas mixture, for each of the simultaneous

formation equations, is calculated as [22]:

—AGiss} (T,

ln(Kpco) _ - ;0( Prod) 18
utProd
—AGissy (T

ln(szvo) _ - ;0( Prod) 19
utProd

Mass balance in the CC is presented below based on a fuel mass flow, the fuel air ratio (FAR)

and steam air ratio [25].
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mfuel Mfuel
FAR = — = 20
7ndryah~ 4.76 “:AA{AW
m
SAR = : Steam 21
mdry air
Mgases = Mary air(1 + @ + FAR + SAR(CDP + NOY)) (kg/s) 5,

To know the exhaust gas outlet temperature of the TG is evaluated as [23]:

Ty =T; = ngrT; ll - <1 - (;)Kg:)l 0 23

RPgT

In the HRSG, high-quality steam is produced at the necessary outlet conditions for high
pressure and low pressure flows from the efficiency of the first-grade heat recovery boiler,
obtaining the exhaust gas outlet temperature for the requirements of steam generation
(Equation 24) [12].

MgasesCp(Ty — Tp) = Myohyg — Myohy + My7hy; — Myghig + 24
Myshys — Myghie + Myzhiz — Myghyy (KW)

MWP and MWP water pumps for the steam injection system, and P_Evap, P_Cond for the
air cooling system are modeled from their pressure ratios and the isentropic efficiency of the

pumps to obtain the output conditions, as shown in equation 25 [26].

os ~ It
= " %100 (© 25
ho - hi % (/0)

Cooling tower is modeled to obtain the amount of air needed to reduce the water temperature

Y]

between the required limits, for which the mass and energy balances of air and water are

used, as shown in equations 26, 27, and 28 [22].

Maghag — Mizghzg + Myzhyy — Myshys = 0 (kW) 26
Mgy = M9 (kg/s) Air mass balance 27
Myg(W39 — Wag) = Myz — My, (kg/s) Water mass balance 28
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For the compression refrigeration machines, which work between the operating pressure
limits of the condenser and evaporator is assumed (Equations 29, 30, 31 and 32):

e Isentropic efficiency of the compressor [27] [28].

e Refrigerant in the output of the condenser as saturated liquid [27] [28].

e Iso-enthalpy process in the throttle valve [27] [29].

e Refrigerant as saturated steam in the output of the evaporator [27] [29].

e No heat loss between water and refrigerant in the condenser and evaporator [27].

—h
0,s i 29
=———x100 (9
L y—y (%)
mi,waterhi,water - mo,waterho,water 30
= mo,Refho,Ref - mi,Refhi,Ref (kW)
ho = hy (K] /kg) 31
mi,waterhi,water - mo,waterho,water 32

= mo,Refho,Ref - mi,Refhi,Ref (kW)
AC was modeled using heat transfer efficiency between air and water from equalltion 33

[30]. For the conditions of inlet and outlet constant air and water of the model, is obtained

the water flow necessary to obtain the desired air outlet temperature.

mi,Airhi,Air - mo,Airho,AiT x 100 (%) 33

Necoil = = -
ceott o,waterho,water - mi,waterhi,water
Table 2 shows the energy balances for each of the components of the gas turbine cycle with
the Stig cycle and air cooling at the compressor inlet with a compression cooling system.

Table 2 Energy and mass balances in the gas turbine cycle with steam injection and air

cooling.
Component Mass and energy balance
LPC WLPC = (Mzhs — Myh3) /Mimec
mz =M,
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WHPC = (Myhy — M3h3) Mmec
My = Mg

Mmshs = mghy + Myohyg
msws
= myuw, +myy Water mass balance
ms = m, Air Mass Balance

CH, + Aa(0, + 3,76N,) + (4,76 Aa®
+ ny1)H,0
- aC0, + bCO + cH,0
+d0, +eN, + fNO
e = ms(1+ ws + FAR + SAR(NOy))
My, = MsSAR(NOy)
My = msFAR
mllMWCH4
N1 =
moMWy, o

6

A

Wer = (m6CP,7(T6 —T;) + myy(hyy — h7))
Th7 == m6 + mlz

1
m7=m5<1+a)5+m

+ SAR(NOy + LP))

GT
12
Gen

Pgiect = NeenWhet
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HRSG

413 415

11| 76 417 20

—Qursc,out + M7Cp7(T; — Tg) + Mgohyg
— Myghy9 + Myghyg — My7hy7
+ Myghye — Myshys + Myshyy
—my3hy3 =0
mg = m;
My = Mg = Myg = My7; = MsSAR
mlz = Th15 = Th16 = ThSSAR(LP)

T18 w2 My3 = Myy = Mg + My,
= 1m<SAR(CDP + NOy)
MWP ) . .
18 19 Whup = (m1.8h18 _.m19h19)/nmec
Mig = Myg
FWP
21 20 Wepp = (m2.0h20 _.m21h21)/77mec
—O—" Mmyq = Myg
CT . . . .
- Maghag — Maghsg + Myzhyy — Mpzhys =0
mso = M,9 Balance de aire
29 :: ::30 ng((l)30 _— (1)29) = mMakeup Balance Of
— — humidity in the air
23 My, = Myg + Myakeup Water balance
CP ) ' '
24 23 Wpcona = (m?4h24 - Ma3h23) [Mimec
' ( )' Mypy = Mp3
CH1C
34
'Y
Wc,cm = (31h31 — M34h34) /Mmec
Mgy = Mgy
31
v
_Qcond,Chl + m31h3q — Mgzhz; + Myshys
CH1 Cond: — Mzehze = 0
M3, = M3y
Mye = Mys
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ry
31 32
4
< 26( )‘25
CH1 EV
A
33
hs3 = hs;
II Mm33 = M3
A
32
CH1 Evap
39»( )4(}. Qevap,Ch1 + Mgzhgs — Mgahgs + M3ghsg
— Myohye =0
i My = M
34 ] 40 ) 29
: 4 33 M34 = Mg3
CH2C
38
Wc,cnz = (M3shzs — Mzghsg) /Mmec
M35 = M3g
35L
CH2 Cond
‘. .
35 36 —Qcona,cnz T M3shss — M3ehse + My7hyy
— Myghyg =0
27 \28 Mag = Myy
/ g M3 = M3
CH2 EV hs7 = hse
M37 = Mgze
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37
36
CH2Evap
40 \ 41 Qevap,ChZ + m37e%7 — Mggesg + Myohyg
—>( ) > - m41h4}1 =0

i Tfl38 = m37

38' 37 My = Myy
AC

T42
2 Qac + myhy — myhy + 1y hyy — My hy,
—>1 X - =0
Myy = My,
mz = Thl
Tfﬂ-l
EP
47
WPevap = (M39h3e — Mazhs2) /Mimec

Mgy = My,

39
\ 4

exergoeconomic of the analyzed system are established.

It is considered that the Q in the previous equations represents the loss of energy to the
surroundings and cannot be recovered. From the equations and energy analysis presented

above, the bases and parameters required to initiate the conventional exergetic and
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2.3.  Conventional exergetic and exergoeconomic analysis

Exergy is a property that measures the maximum working potential of an amount of energy
in a specific state [30]. Exergy is composed of two parts, physical exergy and chemical
exergy (Equation 34):

ex = e +eg (k] /kg) 34
Physical exergy for a substance is obtained with Equation 35 [30] and 36 [20]:

ek =h—ho—To(s —so) (k] /kg) 35

ePH = 1\; (c‘P,k(T T -T, [c‘P_k In (ﬂ) ~Rln (P%)]) (kJ/kg) 36

K To

Where 0 is the reference state, which we assume as the state of least energy T, = 3.424°C
y P;, = 38.15 kPa, as suggested Kotas [31], Yumrutas [32] y D’ Acaddia [33] thus ensuring
that all temperatures are higher than those of the dead state.

Specific chemical exergy is calculated in equation 37, and ¥ is obtained from [31]:
CH 1 sCH |, b = =
ey = (xiei + RT, Z X ln(xl-)) (k] /kg) 37
k
Exergy balance is obtained from Equation 38 [30]:
ED,k = EF.k - EP,k (kW) 33
Exergy efficiency is obtained as (Equation 39) [30]:
E
& = EL" x 100 (%) 39

F.k

Exergy destruction ratios are calculated as (Equations 40 and 41) [30]:

E
Yok = =% % 100 (%) 40
Epk
E
Yk = 25— x 100 (%) 41
D,Total

The energy balances and the definition of fuel and product exergies for each plant component

are shown in Table 3.
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Table 3 Definition of Fuel and Product exergies.

Component Exergy Fuel and Product
LPC ) EF = WLPC
EP - Th36’3 - mzez
HPC ) Ep = Wypc
EP == Th4e4 - Th3e3
cc -
EP = Meee _-— myi€14
GT Ep = ms% + m1_ze12 — mye;
i Ep = Wer
Ep = m;e; — mgeg
HR . . . . . . )
5G Ep = myze;3 — Myyge14 + Myse1s — Myl16 + Myz€17 — Mygesg
T My9€19 — Myg€z0
MwWP ) Er = Wyyp
Ep = Tfl18918. — My9€19
FWPpP ) Er = Wgpp
. Ep = mypey0 — m21321.
CT Ep = myyhy; — tyshys + Wegn
Ep = Th30h3.0 — Myghyg
cp ) Er = Whrcona
Ep = T.h24924 — My3€y3
CH1C  Er=Weem
Ep = 13,631 — 134634
CH1 Cond
CH1EV
CH1 Evap
CH2C
CH2 Cond
CH2EV
CH2 Evap
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AC EF_: Myp€s7 — Myq€4q
EP == Tf’llel - mzez
EP ) Ep = WPevap
Ep = M39€39 — Myp4

The cost balance is applied to each component of the study system and is expressed in
Equation 42 [24].

CP,k = CF,k + Z}IOt ($/s) 42
ZT°t the investment cost rate, which includes equipment purchase costs (PECy), supply costs
(C2%;Refrigerant or raw water) and the operation and maintenance cost rate (¢).
The components of the cost balance are calculated, as shown in Equations 43, 44, 45, 46, and
47 [24]. We use the cost levelization approach [24], in Table 4 shows some parameters for

the exergoecnomic analysis.

CP,k = CP,kEP ($/s) 43
CF,k = CF,kEF ($/s) 44
ZTot = 7. + 73V ($/hr) 45
i(1+i,)"w
Z B PECk (1 + ir)ny -1 @ ($/hr) 46
e 3600(RTY)
w CSLPEC,

2’ = 3600(RTY) 3 PEC, O/ T Y

Table 4 parameter to exergoeconomic analysis.

Item Value
RTY (hours) 2688
o (-) 1.06
n,, (years) 20
i, (%) 6.5
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Costs of destroyed exergy were obtained from Equation 48, considering that prices of the
product were fixed [24]:

CD = CF,kED,k (hr) 48
Total costs represent the sum of the investment costs plus the costs of destroying exergy
(equation 49) [32]:

zTotal 4 Cp ($/hr) 49
Relative cost difference expresses the relative increase in the average cost per unit of exergy

between the inputs and outputs of a component (Equation 50) [33]:

—C
e = —K Bk w100 (%) 50
Crk

Exergoeconomic factor is the reason for the contribution of non-exergetic costs to the
increase in total cost (Equation 51) [34]:
Zy + crx(Epi)

Table 5 shows the cost balances and auxiliary equations for each component of the power

fe x 100 (%) 51

system with Stig cycle and air cooling by compression refrigeration machine. The auxiliary
equations are derived from the configuration of the system components and are obtained by
applying the equations F and P [24].

F Equation: The total cost associated with removing exergy from an exergy stream in one
component must equal the cost of the stream at which the exergy supplied to the same flow
in the upstream component was removed. The exergy difference of this current between input
and output is considered in the definition of fuel for the component.

P Equation: Each unit of exergy that is supplied to any current associated with the product of
a component is of equal average cost ¢, k). This cost is calculated from the equilibrium cost
and equations F.

Table 5 Cost balance and auxiliary equations for each power system component with

Stig and IAC cycle




O©CO~NOOOTA~AWNPE

WILEY-VCH

Component Balance of costs and auxiliary equations
AC CzEz - C1E1 = C41E41 - C4zE42 + ZAC
C1 = 0
LPC C3E3 — C2E; = CetectWipc + Zi1pc
C.toce = 0.00001999 USD /kJ
HPC c4Ey — c3E3 = CotectWpe + Zypc
Air humidifier csEs = oy + croE vy
CoE¢ — Cc5Es — €11E11 = CoEq + Z ¢
cC USD
Cog = 0.00004919k—] (natural gas cost)
CetectW gr = coks + C1zE1z_ —¢7E7 + Zgr
GT c7:E7 cgE¢ + C12Eq; ")
E, E¢+E;,
Gen CPelectPElect = Celectwnet + ZGen
c13E13 — c1aEq4 + C_15E15 - ({16E16 + F17E17 - C18E18
+ €19E19 — C20E9 = ¢7E7 — cgEg + Zypse
c7 = cg (F)
HRSG . . tu=ce=07(P) .
€13E13 — C14E14 _ €15E15 — c16E16 _ €17E17 — c18E1g
Ey3 — Eq4 ~ E15—Eqs Ei; —Eqg
C19E19 — C20E7
e b M (P)
E19 — E3
MWP €18E18 — €19E19 = CetectWmup + Zmup
FDP c22E22 — €21E21 = CotectWrpp + Zppp
cT €30E30 — C29E39 = Ca3E33 — C22E33 + CotectWran + Zcr
Cyp = 0
€29 =0
cp C24E24 — €33E33 = CetectW pcona + Zpcond
c,3 = 0 (Recirculating fluid, not consumable)
CH1C €31E31 — €34E34 = CetectWecn1 + Zecm
c34 = 0 (Recirculating fluid, not consumable)
CH1 Cond
€31 =32 (F)
CH1EV €33E33 = C32E32 + Zpycm
CH1 Evap C3asq — 33E33 = C30E30 — Caobao + Zpvapent, |
. C34 = €33 (P) .
CH2 C C35E35 — C38E38 = CetectWecnz + Zcchz

c3g = 0 (Recirculating fluid, not consumable)
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CH2 Cond c26E28 — C27Eo7 = CasEas — CaoEag + Zconachz |
C36 = C35
CH2 EV c37E37 = c36E36 + Zgycnz

CH2 Evap csabss = Csrlsy = Caobao = Curfar + Zromperz.

. C38 = C37 (}_)) _
EP €39E39 — C42E4; = CelectWPevap + ZPevap

c42 = 0 (Recirculating fluid, not consumable)

The next stage of this work consists of elaborating the advanced exergetic and
exergoeconomic analysis, as an option to determine the improvement potentials and the

exergetic acosts.

2.4.  Advanced exergetic and exergoeconomic analysis

2.4.1. Destruction of unavoidable and avoidable exergy

Unavoidable destroyed exergy (Eg_’,"(), is part of destruction of exergy within a component
that cannot be reduced due to technological or economic limitations kth component [35].
Avoidable destroyed exergy (E;‘,‘,’(), is the part of part of destruction of exergy that can be
reduced with optimization processes [36].

2.4.1.1. Destruction of endogenous and exogenous exergy

Endogenous destroyed exergy (ES’}Q) is the part of destruction of exergy due to the internal
functioning of the kth component [37]. ng}’( is calculated when the remaining parts operate
in ideal processes except for the kth component that works under its real efficiency [20].
Exogenous destroyed Exergy (EDEff() is the part of destruction of exergy caused by the
interaction of the remaining parts with the study component) [38].

Combination of exergy destruction in its avoidable / unavoidable and exogenous /
endogenous parts
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Combining the divisions of avoidable/evitable and exogenous/endogenous exergy

destruction gives more information on system performance [39]. The destruction of

endogenous unavoidable (E,5*"), is the part of destruction of exergy, which cannot be

reduced by technological limitations kth component [40]. The destruction of endogenous

), is part of the destruction of exergy that can be reduced by

avoidable exergy (Ep%""

improving the efficiency of the study component [41]. The destruction of exogenous

unavoidable exergy (E;%*%), is the part of destruction of exergy, which cannot be reduced

by the global technological limitations originating from the remaining components [15].

Destruction of exogenous avoidable exergy (E,;‘;'EX , Is the part of destruction of exergy that

can be reduced by improving the overall efficiency of the components [16]. The equations to
splitting the exergy destruction is show in Table 6.

Division of exergy destruction costs and unavoidable/evitable and endogenous/exogenous
investment costs

The equations of the division of exergy destruction, the costs of exergy destruction and the
costs of investment are shown in the Table 6 [42] [34] [43] [44].

Table 6 Equations used for advanced exergoecnomic analysis

Term Splitting the Splitting the exergy Splitting the
exergy destruction destruction cost investment costs
Epk PN
. . UN : : . .
Unavoidable _ g Ep Chx = crrEpk 7290 = Ep <E_k>
Pk Ep,k Pk
Avoidable | Ef% = Ep, — ESY Co% = crrEp% Zp% =2 — 25X
EEN is calculated .\ Real
End : i CEN — EEN en _ pEn [ Lk
ndogenous as suggested in bk = CrrEpk Zpx = Epk .
[20]. Pk
Exogenous | EE% = E,, — EEX CEX = ¢k EEX ZEX =7, — ZEN




O©CO~NOOOTA~AWNPE

E‘-UN,EN
. D,k . UN
Unavoidable Fo\UN CUNEN _ o pUNEN | JUNEN _ pen 7y
Endogenous | — FEN ( 2Dk DK = CfkEDK bk = Erk|(E—
TPk E Pk
Pk
. AV,EN
Avoidable Ep CAVEN _ . AVEN | zAV.EN _ SEN _ SUNEN
Endogenous | = EEN — gNEN DK = CfkEpK pk = 4Dk T Z4pk
, D,
. ~UN,EX
Unavoidable | Ep CUNEX _ . pUNEX | SUNEX _ SUN _ zUNEN
Exogenous | = EUN _ [UNEN DK T CfkEDK pk T 4Dk T Zpk
— “Dk D,k
- ~AVEX
Avoidable D,k CAV.EX _ EAVEX | ZAV.EX _ SEX _ 5UNEX
Exogenous = FEX _ fUNEX pk = Crkbpk pk = 4Dk ~Z4pk
= Ep, D,k

At the end of the methodology and system characterization stage, the proposed model was

validated to guarantee the usefulness of the analysis carried out, and the results obtained.

3. Validation

In this study, a exergetic, and exergoeconomic analysis is carried out with the conventional
and advanced methodology of a gas power system with air cooling by compression
refrigeration machine and steam injection, the parameters of the system used for the
validation process are defined in table 11. For this purpose, a thermodynamic model was
developed in EES, where the properties of each one of the system currents and the parameters
used in this study are obtained [45]. To guarantee the usefulness of the proposed methodology
as a tool to develop the analysis offered in this research, the mathematical validation of the
thermodynamic model was elaborated, which constitutes the basis of the analysis of all the
methodologies integrated into this work. Thermodynamic model is validated by comparing
the operating parameters of the study system (power system with Stig cycle and air cooling)
with those obtained from the thermodynamic model. The validation of the thermodynamic

model is summarized in Table 7.



O©CO~NOOOTA~AWNPE

WILEY-VCH
Table 7 Validation of the thermodynamic model of power system with Stig cycle and air
cooling
. : : Actual | Thermodynamic : o

Stig cycle and air cooling Data model Difference(%o)
LPC inlet temperature (°C) 12.44 12 3,6%

LPC outlet temperature (°C) 113 111.8 1,1%
HPC output temperature (°C) 534 551 3,1%

(ngs) turbine outlet temperature 440 456.8 3.7%
HRSG outlet temperature (°C) 240 250.6 4,2%
Output power (kW) 45000 45742 1,6%
Thermal efficiency (%) 38 36.69 3,6%

Table 7 shows results obtained from the comparison of the operating condition of the power
generation system installed in Cartagena-Colombia with the Stig cycle and air cooling at
12°C. This system was used as a reference for the analysis developed in this research. From
these results is possible to observe a maximum difference of of 4.2% obtained in the
temperature of the exit of the recovery boiler (HRSG). In the case of minimum difference
obtained from the validation, this was of 1.1% obtained for the exit temperature of the low-
pressure compressor (LPC). In general, differences obtained between the compared
parameters was less than 5%. These differences can be caused because, unfortunately, there
are some operating parameters that do not have a measurement system to determine them
during the operation of the study plant. In this situation, it was necessary to make adjustments
to the different unknown values in the mathematical model elaborated in this work to obtain

results close to those obtained in the study plant.

4. Results

Thermodynamic properties of power plant state shown in figure 1 are shown in Table 8.
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Table 8 mass flow rate, temperature, pressure, y exergy to power plant with gas turbine

ePH (K] eCH (K]
State Substance |m (Kg/s)| T (°0) P (KPa) | /Kg) /Kg
0 Water 0 3,42 38,15 0 0
0 R-123 0 3,42 38,15 0 0
1 Air 122,2 32 101,3 80,77 7.097
2 Air 122,2 12 100 77,28 6,307
3 Air 122,2 1118 250 167,9 6,307
4 Air 122,2 551 3000 625,3 6,307
5 Air 122,2 551 3000 6518 10,01
6 Combustion | ;4 1150 2850 1299 157,4
gases
7 Combustion | ;46 456,8 98,28 306,5 152,9
gases
8 Combustion | ;46 250,6 100 82,12 152,9
gases
9 Natural Gas | 2,573 85,6 3404 655,6 50170
10 | Steam 3,834 299.3 3249 1190 5273
11 |Steam 2,092 2993 3249 1190 5273
12 |Steam 438 247 1083 1033 5273
13 |Steam 5,926 315 3420 86,93 5273
14 |Water 5,926 180 3600 86,93 5273
15 | Steam 438 260 1140 86,93 5273
16 |Water 438 180 1200 86,93 5273
17 |Water 10,31 180 5838 86,93 5273
18 |Water 10,31 120 6145 86,93 5273
19  |Water 10,31 119,3 1463 81,61 5273
20 | Water 10,31 30,68 1540 6,772 5273
21 | Water 10,31 30,56 101,3 5,294 5273
22 |Water 324.9 38,89 317,9 9,05 10,05
23 | Water 320,9 30,56 1132 5,306 5273
24 |Water 324.9 30,58 3346 5,533 5273
25 | Water 173 30,58 3346 5533 5273
26 | Water 173 38,89 317.9 9,047 5273
27 |Water 1519 30,56 334.6 5,527 5273
28 | Water 151,9 38,89 317.9 9,047 5273
29 |Air 280.2 28 101,3 80,02 5,787
30 |Air 280.2 335 101,3 81,58 7,384
31 |R123 35,62 46,15 159,8 22,84 0
32 |R123 35,62 40,99 159,8 2,632 0
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33 R-123 35,62 7,526 45,61 0,5629 0
34 R-123 35,62 7,526 45,61 2,712 0
35 R-123 31,19 47,26 159,8 22,96 0
36 R-123 31,19 40,99 159,8 2,632 0
37 R-123 31,19 3,424 38,15 0.0127 0
38 R-123 31,19 3,424 38,15 0,05908 0
39 Water 2242 14,59 493,6 1,376 527,3
40 Water 2242 9,13 468,9 0,6745 527,3
41 Water 224,2 4,44 445,5 0,4151 527,3
42 Water 2242 14,57 168 1,047 527,3

Results of the exergetic and exergoeconomic analysis are summarized in Table 10, from
which it is observed that the exergetic efficiency of the power system is 34.98% and the
destruction of total exergy is 65256.05 kW, where 68.51% corresponds to the gas turbine and
electric generator, 28.90% is due to components necessary for the steam injection process,
and only 2.59% compares to the air cooling system. The elements with the most significant
exergy destruction are CC (23288 kW), HRSG (18845 kW), and GT (16384 kW). The
combustion chamber, despite being the component that destroys the most exergy due to the
irreversibilities present in the chemical combustion reaction, has a high exergetic efficiency
as obtained by Fallah et al. [40]. Most of the inefficiencies in the HRSG are presented by
radiation, conduction, and in the exhaust gases, which by reducing a few hundred of the
components that have the highest ratio of exergy transformation of the fuel into exergy
destroyed and consequently those that have the lowest exergetic efficiency are CH2 EV, CH2
Evap, CH1 EV, AC, HRSG, and CH1 EVAP. For the exergoeconomic analysis, the cost
functions for each power system component listed in Table 9 were used. The total exergy
destruction costs of the power system are $3066.73/hr, the elements with the highest total
costs are GT ($1639.44/GJ), HRSG ($1063.33/GJ), CC ($603.30/GJ), HPC ($453.91/GJ),
and LPC ($213.21/GJ). A low exergoeconomic component means that total costs are high

compared to investment costs, which merits a review of whether higher investment reduces
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overall costs by lowering exergy destruction costs. The components with the lowest
exergoeconomic factors are HRSG, CH2 Cond and CH1 Cond, AC, CH2 Evap, and CH1
Evap. The improvement of this equipment should be sought by increasing the investment in
these components; such investment should be directed at improving heat transfer between
fluids and decreasing heat exchange with the environment. With the relative cost difference,
it is known which are the components that most increase the average cost of the product. The
elements with the most significant relative cost difference are CH2 Evap, CH2 EV, CH1 EV,
AC, HRSG, MWP, and CH1 Evap. Of all this, it can be indicated that the HRSG and the
evaporators of the refrigeration machine are the components that worst exergéticos and
exergoecondmicos indicators presents, therefore, must be intervened increasing its
investment to reduce the destruction of exergia. CH1 Evap and CH2 Evap, despite being the
most inefficient components, do not represent a significant impact on global indicators.

Table 9 Cost Equations of Power System Components with Stig Cycles and Air Cooling

Component Equipment acquisition cost function Source
0.78 [46]
Air cooler PEC,- =1 (_)
Cac = 130(5 003
Compressor PEC,- = 7900 —W " 2l
P ¢ 0.746
[47]
Combustion PECCC _ 4'6-08"7'gases 5 (1 + 6(0-018Te—26-4‘))
chamber P;
0.995 — P
e
Gas turbine PECg;r = Wer(1318.5 — 98.328 In(W,r)) [47]
Generator PECgen = 60 X Wier [48]
HRSG PECHRSG = 8500 - 406(AHRSG)0.85 [47]
PEC.r [49]
QC Tcw,l - Tcw,o
Cooling tower | = 253226.835 <36OO (—0.6936 In (f
- wa,amb) + 2.1898)
Pump PECoump = 3540Wpompa [50]
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Evaporator PECg,q, = 1.3(190 + 3104) [51]
Condenser PEC;png = 1.3(190 + 3104) [51]

Table 10 Exergetic and exergoeconomic analysis of the power system with Stig cycle and

air cooling at 12°C.

Compo (igv) Er | Eb | & | ¥ | ¥ cgf (g" (g” ($Z -Zmu ro| f
-nent (kW) | (W) | (%) | (%) | (%) 6n | /6n | ey | Jhr) ($ (%) | (%)
/hr)

Ac | s 143.7 38(()).5 21.1 7%.8 0.58 8&13 3?:’3; 1;2 239 12§.1 29;3.4 2 76
LPC 17266 11077 | 1509 8;.3 121.6 2 45 12.4 217.7 94;5 13 21;3.2 2051 553.6
HPC 508; 55906 | 2503. 951'7 4.29 | 3.84 12'4 1%'6 1358' 3:2 45f'9 13.76 6;'3
cC igg 10;49 23288 82.1 171.8 359.6 6.42 | 782 5§g 654.3 60(1)’5.3 2103 1(:)3.8
cT ;gg 11387 L6382 8;.9 122.0 2&(3).1 12.5 12.3 9;;3. 7:3 1,§439 046 41.1
Gen 47656 45742 | o33 9%.0 200 | 143 12.3 2%.0 62.9 52.4 125.3 285 465.9
HRSG 3;(;5 11706 | 18845 382.3 6;.6 288.8 12.5 4%.7 19;3 064 | 1063 1622.4 0.1
MWP | 8471 5 63 | gg5 | 840|153 | g | 104|318 | 559 | 545 | 3.04 | 93,65 | 39

8 4| 6 2 | 1 3
MWP 1%'9 15.22 | 3.68 8%'5 1%'4 0.01 1%4 3%'0 0.22 | 1.02 | 1.24 133'6 8%'4
cT 1;2 8881.7 443.3 6(;.6 33;.3 0.68 152.2 2%.0 23.2 13.7 43.06 | 51.15 43(’).6
CP 92'7 73.95 | 17.84 8%'5 13'4 0.03 1%'4 327'1 1.06 | 3.14 | 4.19 | 95.82 7‘;'8
Cgl 8583 17 1681.5 81.3 186.6 095 163.4 2%.0 073 22.8 2062 | 76.04 7%.1
(c::(:tI 7;3 605.9 115.0 82:.4 15(;.5 017 296.0 34;.5 112.7 022 | 1104 | 1869 | 183
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CET/l 93;'7 20.05 | 73.68 2;3 7?'6 0.11 2%'0 1;: 7.71 |1 0.00 | 7.71 36;'4 0.00
Evap | 7| 7655 | 8075 | 486|513 | 17 | 6611361921 ¢ 1q | 49| 1068 g
CEIZ 877(; 7181.3 16(?.4 8%3.3 12.6 025 12.4 2%.0 9.66 221.8 3247 | 76.90 73.2
(c;:(;zd 633 533'9 99.10 81;'3 153'6 0.15 295'0 3@'5 1(;'3 0.19 | 10.56 | 18.91 | 1.83
CET/Z 8%'0 0.40 | 81.68|0.48 9%5 0.13 296.0 69722 8.54 | 0.00 | 8.54 20.227 0.00
Evap | 25| 145 | 5671 | 249| 975 | 00n | 1498054 305 | 16 | 5076 40 o5
EP 9%7 73.75 | 18.95 7%'5 291'4 0.03 12'4 3i'5 112 | 3.16 | 4.28 | 98.07 73;'8
Total %gg 45742 | 65256 3;13.9 o 3?;36 1:;58 44:5. ]

4.1.  Advanced Exergetic Analysis Results

Advanced exergetic analysis of the power system with the Stig cycle and 12 °C air cooling
is shown in Table 11. Considerations taken into account for the study of the proposed method
for the operating conditions, ideal conditions, and certain conditions are listed in Table 11.

Table 11 Assumptions used for advanced exergoeconomic analysis

Theoretical . . Unavoidable
Component Conditions. Operating Conditions Conditions
AC AT =0°C AT = 4.36°C AT = 0.5°C
n=1 n = 0.85 n =209
LPC NMec =1 Numec = 0.985 Nmec =1
n=1 n = 0.84 n =209
HPC Nmec =1 Nmec = 0.985 Nmec =1
AP = 0% AP =5% AP = 2%
cC Qross = 0% Qross = 2% Qross = 0.5%
A= 2.847 A =2.847 A=2
GT n=1 n = 0.888 n =209
Numec = 0.985 Numec = 0.985 Nmec = 1
Gen n=1 n = 0.98 n = 0.995
AT = 0°C AT = 140°C AT = 0.5°C
HRSG n=1 n = 0.88 n = 0.88
AP = 0% AP = 5% AP = 3%
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=1 n=20.8 n =209
MWP n
Nmec =1 Nmec = 0.985 Nmec = 1
=1 n=0.8 n =209
MWP n
Nmec =1 Nmec = 0.985 Nmec = 1
CT AT = 0°C AT = 2.56°C AT = 0.5°C
cp n=1 n=20.38 n =09
Nmec = 1 Nmec = 0.985 Nmec = 1
=1 n=20.38 n =209
CH1C 7
Nmec = 1 Nmec = 0.985 Nmec = 1
AT = 0°C AT = 2.1°C AT = 0.5°C
CH1 Cond AP = 0% AP = 5% AP = 3%
CH1EV S27 = S28 hy7 = hyg hy7 = hyg
AT = 0°C AT = 1.604°C AT = 0.5°C
CH1 Bvap AP = 0% AP = 5% AP = 2%
=1 n=20.8 n =209
CH2C n
Nmec =1 Nmec = 0.985 Nmec = 1
AT = 0°C AT = 2.1°C AT = 0.5°C
CH2 Cond AP = 0% AP = 5% AP = 3%
CH2 EV S37 = S34 hay = hay hs; = hay
AT = 0°C AT = 1.016°C AT = 0.5°C
CH2 Evap AP = 0% AP = 5% AP = 3%
Ep n=1 n=0.8 n =209
Nmec =1 Nmec = 0.985 Nmec = 1

The results of the advanced exergetic analysis of a Gas Power and Steam Injection System
with Air Cooling at 12°C are shown below, data shown in Figure 3 indicated that from total
exergy destruction (65256 kW), the 81% of it, cannot be reduced by the technological and
economic limitations of the system components, and only 12395.68 kW of total exergy
destruction is avoidable exergy destruction. The destruction of exergy mostly originates in
the proper functioning of the components, i.e. 58.9% of the total exergy destruction is
endogenous exergy destruction and 41.1% remaining is due to the interaction between the
components of the power system under study (Figure 4). The components with the greatest
avoidable exergy are GT (3002.72 kW), HRSG (2917.54 kW), CC (2605.88 kW) and HPC
(1940.31 kW), while the entire air cooling system would only achieve a reduction of exergy

destruction of 542.80 kW. From the data shown in figure 5, the components in which the
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interaction with the remaining components produces greater exergy destruction than the
irreversibilities inherent in the operation of themselves are HRSG, AC, MWP and EP. 47.1%
of the exergy destruction is unavoidable endogenous, followed by the unavoidable exogenous
with 33.9%, the endogenous avoidable exergy destruction and exogenous avoidable exergy
are only 11.8 and 7.2% respectively. Much of the components of the power system to reduce
their exergy destruction is necessary to improve their own performance while some

components such as HRSG and GT need to improve the overall configuration of the system.

CH2 Evap B Avoidable

|
I
CH2 Cond : Unavoidable
CH1 Evap
CH1 Cond !
CP
MWP

HRSG

-
(G T 1

HPC m
[
AC =

0 2000 4000 6000 8000100001200014000160001800R000@200®@4000
Exergy Destruction (kW)

Figure 3 Unavoidable and avoidable exergy destruction of a Gas Power and Steam

Injection System with Air Cooling at 12°C.
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0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000
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Figure 4 Endogenous and exogenous exergy destruction of a Gas Power and Steam

Injection System with Air Cooling at 12°C.
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Figure 5 The value of each of the exergy destruction of a Gas Power and Steam Injection

System with Air Cooling at 12°C.

Figure 6 shows percentages of avoidable exergy destruction of the gas power system

components with steam injection and air cooling by refrigeration machine at 12°C and
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endogenous/exogenous avoidable exergy destruction of the elements with highest potential

for improvement.

Others (2%)
CH2 (1%)
CH1 (1%)

LPC (5%)

Gen (6%)
HRSG (24%)

HPC (16%)

GT (24%)

CC (21%)

(@)

5000.00
4000.00
3000.00

2000.00
1000.00 ‘ .
0.00
GT HRSG CC. HPC

B Exergy Destruction Avoidable Endogenous

-1000.00
-2000.00

M Exergy Destruction Avoidable Exogenous

(b)
Figure 6 Avoidable exergy destruction of a Gas Power and Steam Injection System with
Air Cooling at 12°C.

Figure 6 highlights the destruction of avoidable exergy, endogenous avoidable, and
exogenous preventable (GT, HRSG, CC, and HPC). To improve HPC performance, more
significant air cooling can be explored to reduce exogenous exergy destruction (41.2 %). The
value of destruction of avoidable exogenous exergy is negative in the CC, due to the fact that
when working in the unavoidable condition, greater efficiency of combustion is reached and
therefore greater heat transfer is presented, causing a greater generation of entropy than in

the real condition of operation. For the HRSG is recommended to increase investment to
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increase efficiency and reduce radiation and convention losses, considering that from the

avoidable exergy destruction greater extent is exogenous.

4.2.  Advanced exergoeconomic analysis results

Figure 7, Figure 8 and figure 9 shows costs of advanced exergy destruction of the gas power
system with steam injection and air cooling. Total exergy destruction costs are $3066.73/hr,
these costs (56.16%) originate from the proper functioning of the components, and the
remaining 44.61% is due to the interaction between the components. From the $3066.73/hr
of the total exergy destruction costs of the power system, only $662.98/hr can be avoided, of
the avoidable exergy destruction, only 46.58% improving the own performance of each
component and the remaining 53.42% can be avoided by performing a global optimization
of the system. The 78.4% of the total exergy destruction costs cannot be reduced by
technological and economic limitations of the system components and comprehensive
operation, where 354.16 $/hr of the exergy destruction costs can be reduced by improving
the own performance of the elements, and 308.82 $/hr of the expenses must be reduced by
starting from a global optimization of the system. Power system components that present
avoidable exergy destruction cost more significant than the unavoidable exergy destruction
cost are the high-pressure compressor, the generator, the pumps of the air cooling and steam
injection systems, and the compressors of the two refrigeration machines. The HRSG, CC,
HPC, and LPC have a higher cost of exogenous than endogenous exergy destruction. The
exogenous avoidable exergy destruction costs are higher than the endogenous avoidable
exergy destruction costs in HRSG ($150.63/hr), GT ($109.96/hr), CH1 EV ($1.89/hr) and

EP ($0.34/hr).
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Figure 7 Unavoidable and avoidable cost exergy destruction of a Gas Power and Steam

Injection System with Air Cooling at 12°C.
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Figure 8 Endogenous and exogenous cost exergy destruction of a Gas Power and Steam

Injection System with Air Cooling at 12°C.
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Figure 9 The value of each of the cost exergy destruction of a Gas Power and Steam

Injection System with Air Cooling at 12°C.

Investment costs divided into their unavoidable/evitable, endogenous/exogenous, and

combination of both for the gas power system and steam injection with air cooling are shown

in Figure 10, Figure 11 and figure 12. Overall power system investment costs are

$1358.84/hr, of which 97.75% is unavoidable. Investment costs of endogenous origin are

$839.33/hr, while those of exogenous source reach $519.51/hr, for HPC, LPC, HRSG, AC,

EP, and MWP exogenous investment costs are higher than endogenous. Avoidable

investment costs are $30.53/hr, 58.43% of this is endogenous preventable, and 41.57% is

unavoidable exogenous, the components that present higher endogenous avoidable

investment costs are CC ($4.15/hr), GT ($8.60/hr) and LPC ($1.54/hr).
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Figure 10 Unavoidable and avoidable investment cost of a Gas Power and Steam Injection

System with Air Cooling at 12°C.
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Figure 11 Endogenous and exogenous investment cost of a Gas Power and Steam Injection

System with Air Cooling at 12°C.
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Figure 12 The value of each of the cost exergy destruction of a Gas Power and Steam

Injection System with Air Cooling at 12°C.

From results of the conventional exergetic and exergoeconomic analysis, it can be
highlighted that components with worst indicators and that would require an intervention to
reduce the destruction of exergy are CC, HRSG, GT, AC, Evaporators and expansion valves
of refrigeration machines. From information obtained in the advanced exergetic and
exergoeconomic analysis the components mentioned above present to a greater extent exergy
destruction and unavoidable exergy destruction costs, it is also appreciated that the
intervention efforts of the parts should focus on the work consuming equipment and the GT,
since their exergy destructions, exergy destruction costs, and investment costs are mainly

avoidable and endogenous.

5. Conclusions
Results obtained from the validation show that the methodology (Thermodynamic Model)
implemented in this work can be used as a tool to perform conventional and advanced

exergetic and exergoeconomic analysis. In the validation, a maximum difference of 4.2%
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was obtained for the output temperature of the recovery boiler. This methodology is
applicable for any range of operation of a power plant with Stig cycle and air cooling at the
compressor inlet, combined-cycle systems, or hybrid plants that have the system
configuration described above.

Highest total costs (Z+C" D) were presented in GT, HRSG, CC, and HPC, which represent
37.04%, 24.03%, 13.63%, and 10.26% of total costs respectively. The HRSG presented high
total price, low exergoeconomic factor, relative cost ratio, and low exergetic efficiency. It is
recommended to explore the possibility of capital investments to improve its performance.
Components with highest exergy destructions were CC, HRSG, and GT, which resulted in
35.69%, 28.88%, and 25.10% of the plant's total exergy destruction, respectively. For the
mentioned components, the destruction of exergy is more unavoidable; the removal of
avoidable exergy is 11.2% in the CC, 15.4% in the HRSG, and 18.3% in GT of the total
exergy destruction of each of the components. The highest potential for improvement is
presented in the GT and the HRSG, which would be obtained by improving the overall
configuration of the system, while the CC must develop its performance, i.e., combustion
efficiency.

Most significant inefficiencies in the gas power generation system with heat recovery boilers
are found in the CC, HRSG, and GT, also, the destruction of total exergy of the system is
mostly unavoidable and endogenous as reported by Boyaghchi & Molaie in [21], Acikkalp
& others in [19].

Highest costs of avoidable exergy destruction are presented in GT (167.87 $/hr), HRSG
(163.13 $/hr) and HPC (114.77 $/hr), respectively; for GT and HRSG exergy destruction is
mostly exogenous with 65.5% and 92.3% respectively, while in HPC 58.5% is endogenous.

Avoidable investment costs represent only 2.25% of the total investment costs. The avoidable
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investment costs are low, and the exergy destruction costs are considerable. From this, to

reduce the total costs of exergy destruction, efforts should be focused on making capital

investments to improve the overall performance of the system.
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