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analysis were combined and used to evaluate the accrued cost caused by irreversibility,
including the cost of investment in each component. The exergy analysis results
showed that the location of the largest destruction was in the combustion chamber
with 21,851.18 kW, followed by the compressor and gas turbine with 8,495.48 kW and
3,094.34 kW, respectively. The economic analysis resulted that the total cost loss due

Keywords: to exergy destruction was 2,793.14$/hour, consisting of compressor 1,066.43S/hour,
Exergy; exergoeconomic; exergy combustion chamber 1,561.465/hour and gas turbine 165.255/hour. The thermal and
destruction; total cost loss exergetic efficiency of gas turbine power plant were 24.51% and 22.73% respectively.

1. Introduction

The increase in population, economic growth and industrial expansion have led to higher energy
demands, including electricity. However, these demands are not accompanied by increased
availability of energy especially fossil energy. This has led to the uncertainty in energy prices and
increasing stringent emission regulations. Therefore, researchers and industries are encouraged to
discover more efficient energy systems with reduced thermal energy losses [1-7].

The evaluation of thermal energy systems and economic principles is very important for
researchers and industries to improve its efficiency and reduce operating costs. Currently, the
method applied in analyzing energy conversion in a system operates based on the concept of the first
law of thermodynamics know as energy analysis which however, cannot be used to calculate the
efficiency and losses precisely [8].

However, exergy analysis was carried out based on the first and second laws of thermodynamics.
It was used to determine the magnitude, location, cause of irreversibility and to discover the
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efficiency of the power plant components. The essence of this analysis is primarily for optimization
of thermal energy system, which in this case is the power plant [1,9-13]. Furthermore, in this study,
exergy and economic analysis were combined and used to evaluate the accrued cost caused by
irreversibility, including the cost of investment in each component. This combination is known as
exergoeconomic analysis [12,14].

Exergoeconomic analysis on thermal energy system especially in power plants has previously
been discussed and carried out by several authors. An exergoeconomic analysis of 600 MW steam
power plant was carried out and discovered that the boiler has the highest amount of exergy
destruction therefore, greater attention needs to be allocated to it in terms of design and technical
change, because about 42% of exergy supplied is lost in the steam generator [8]. Furthermore, an
investigated of geothermal power plant 110 MW based on exergy and exergoeconomic analysis and
it was discovered that the highest exergy destruction was 58,263kW from reinjection wells, which is
about 21.25% of the production wells exergy [15].

exergoeconomic analysis of a 100 MW Unit GE Frame 9 Gas Turbine Plant in Ughelli, Nigeria was
performed on engineering equation solver (EES) software and the resulting plant thermal efficiency
was 31.05%. Furthermore, the overall exergy efficiency of 30.81%, identified that the lowest
exergetic efficiency (54.05%) was in the combustion chamber [14]. A similar study of exergoeconomic
analysis was carried out for gas turbine power plant and the highest exergy destruction cost obtained
was also in the combustion chamber compared with other component [5,9,11,12,16].

In this study, exergetic and economic analysis were performed for the 21.6 MW gas turbine power
plant where the scheme of power plant is show in Figure 1. This Study aim to investigate the
performance of gas turbine power plant, identify the location of the largest exergy loss, and identify
the total cost loss due to exergy destruction.

2. Methodology

The gas turbine power plant of 21.6MW used was an open-cycle single shaft system and located
at Pekanbaru, Riau-Indonesia. Furthermore, natural gas with low heating value (LHV =50,017.5 KJ/Kg)
was used as fuel. The system consists of an Air-Compressor (AC), Combustion Chamber (CC) and Gas
Turbine (GT). The Schematic of the gas turbine power plant is shown in Figure 1.
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Fig. 1. Schematic of gas turbine power plant [17]
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2.1 Data Collection

Data such as daily power generated, temperature, pressure and mass flow rate of working fluids
including natural gas composition for exergy analysis were collected from the gas turbine power
plant’s record log books for five days. The air temperature and pressure inlet to compressor were
320 K and 1.01325 bar respectively.

2.2 Exergy Analysis

Exergy is a measure of the energy quality, which can be destroyed in thermal systems due to its
irreversibility. The second law of thermodynamics uses an exergy balance in the analysis of thermal
systems. It is also defined as the maximum work produced from initial to dead conditions.
Meanwhile, extermination of exergy is a function of entropy generation, which is defined as a
measure of the randomness of a system [17,18].

In addition, exergy refers to the energy utilized by the system to do work. In a steam from a fluid,
it is the energy carried in that flow through a process that only interacts with the environment. Total
exergy of a system can be generally divided into physical exergy (thermos mechanical) X°", kinetic
exergy XN, potential exergy X7, and chemical exergy X" [17,18]

X = XPH 4 XKN 4 xPT 4 xCH (1)
Kinetic and potential exergy were ignored in the system therefore, both exergies were assumed

zero. Physical exergy was illustrated with the simple case of an ideal gas. Furthermore, by using the
relationship between enthalpy (h) and entropy (s), the equation of physical exergy is as follows

XPH = Cp [(hy = ho) — To(s; — 5] (2)
where
si—So=C,ln (%) —RIn (%) (3)

Heat specific is obtained by polynomial form as a function of temperature as given [17]
C,=a+bT +cT*+dT? (4)
In a gas turbine power plant, there is no chemical reaction or combustion in the turbine and

compressor. Therefore, the chemical exergies in both components were considered zero. An
approximation equation for chemical exergy (efCH) using hydrocarbons as fuels is given as CaHp [17]

ef = (1,033 +0,0169 2 — 222 LHy (5)

Exergy destruction of each component is given by
Xp = Xin = Xout (6)

The exergetic efficiency of each component of the gas turbine power plant is given as
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Xou
Nn = Xint (7)

Furthermore, the equation used to calculate the inlet and outlet of exergy rate, destruction and
efficiency, is shown in Table 1.

Table 1
Exergy existing equilibrium of each component
Comp. X, Xout Xp M
Mw)  (MW) Mw) (%)
AC W.+X X, W, + X, — X, X,
cc X, +Xs X3 X, + X5 — X, X,
X, + X
GT X3 X4 + WGT X3 - (X4 + WGT) (X4 + WGT)
X3

2.3 Exergoeconomic Analysis

Exergoeconomic analysis is a combination of exergy analysis with economic principles to provide
information for designers or operators that are not available through energy analysis or conventional
economic evaluations. It is seen as a form of exergy with a minimum cost. The purpose of carrying
out this analysis is to minimize exergy costs. In determining the exergy costs, the cost for each exergy
flow is first obtained, followed by separately calculating the costs of each product produced by a
system and optimizing various specific variables in a single component or the overall system [19]. The
assumptions to facilitate the calculation are as follows

i.  Gas turbine power plant lifetime (n) of 24 years
ii.  Total operating time (H) of 8760 hours per year
iii. Interest rate (i) of 7%

2.4 Purchase Equipment Cost, PEC

This is the cost of purchasing equipment for each component. It was adjusted to the standard
based on Bejan et al., [19].

Purchase Equipment Cost of Compressor

PEC, = [M (2)n (P—Z)] (8)

0,9—- Ne P1 P1

Purchase Equipment Cost of Combustion Chamber

PEC,, = KM> (1 + exp(0,018 T; — 26,4)] (9)

_P3
0,995- 5>

Purchase Equipment Cost of Gas Turbine

479,34 mhy

P
PEC,, = [(m) In (P—3) (1 + exp(0,036 T — 54,4)] (10)
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2.5 Annual Levelized Cost, C,,

Annual levelized cost is the cost of purchasing component equipment completeness minus the
loss value per unit time, as in the following equation

Cp = l(PEC - (1(_’:),1) (1 L >l (11)

T+

Eg. (11) is used for the conversion of capital investment cost into cost per unit time, Zx, using
relationship between maintenance factor (@) is assumed 1,06 [19] and operating time per year (H)

z; = 28 (12)

Exergy costs require a variety of cost equilibrium usually formulated for each component. Cost
equilibrium is applied to component k indicating that the total cost associated with all exergy outflow
rates (X,C, and C,, ) is equal to the sum of the cost levels of all incoming exergy rates (XZ;C; ;) plus
various fixed financing due to investment and maintenance costs (Z;). Therefore, for systems that
receive heat and produce work, exergy equilibrium is written as

ZeCok + Cpp = ZiCip + Zy (13)

The equation simply states that the total cost of the various exergy outgoing rates is equal to the
total expenditure required to produce the exergy i.e. the costs of the various exergy entry points plus
capital costs and others. Furthermore, the various exergy rates (Xi, W and Xe) which enter and exit
the k component were calculated in the analysis carried out in the previous stage. Therefore, the
equation can be written as

. (CoXodi + Cos Wy = Zi(CiX) i + Zy (14)

Assuming that the above exergy loss through supply of additional fuel (X ;) to component k and
the average cost (Cr k) of supplying the exergy unit remains constant with varying losses within the
component k, the destruction costs (CD,k) can then be written as

Cpre=Cr - X1 (15)
3. Results

Physical properties and chemical exergy which flowed at various state points in the gas turbine
power plant as shown in Table 2 were calculated based on the values of measured properties, such
as temperature (k), pressure (bar), heat capacity (kj/kg K) and mass flow rate (kg/s). By using the

equation shown in Table 1 and values in Table 2, the inlet and outlet of exergy rate, exergy destroy
and exergy efficiency were calculated and the results are shown in Figure 2.
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Table 2
Physical properties and chemical exergy flows at various state points (for state
number refer to Figure 1)

State T P Cp m XPH XCH X
Mw) (MW)  (MW)
1 320 1013 1.007 9415 O 0 0
2 590 5.88 1.05 94.15 23.8 0 23.8
3 1110 5.7 1.25 95.46  70.7 0 70.7
4 723 1013 1.13 95.46  19.7 0 19.7
5 302 14.84 221 131 112 675 687
120
100 92.79 2264

76.45
80 70.93 0.9 73.79
36784
60
40 324
21.85
20
8.49
3.09
0

Exergy Fuel (MW) Exergy Product (MW) Exergy Destroy (MW)  Exergy Efficiency (%)

B Compressor B Combustion Chamber  ® Gas Turbine

Fig. 2. Exergy rate, exergy destroy, and exergetic efficiency in each component

The percentage of exergy input and loss in each of component and the output based on the
results of the analysis is shown in Figure 3 Grassman diagram of gas turbine power plant.
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Fig. 3. Grassmann diagram of gas turbine power plant
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By using Eq. (8)-(15) and data from Table 2, exergoeconomic of gas turbine for each component
were calculated and the results are shown in Table 3.

Table 3

Gas turbine components exergoeconomic analysis

Component Xin Xour  Xp PEC Cy Zy c Cp
Mw) Mw) Mw) ($ ($/year)  ($/hr) ($/kWh) ($/hr)

Compressor 3240 2390 849 3,421,229.46 188,763 22.84 0.12 1,066.43

Comb. Chamber 92,79 70.93 21.85 174,360.79 9,620.22 1.16 0.07 1,561.46

Gas Turbine 70.93 67.84 3.09 2,642,389.59 145,791.90 17.64 0.05 165.25

4. Discussion

Figure 2 and Figure 3 show the exergy destruction of the compressor, combustion chamber and
gas turbine. It was seen that the largest exergy destruction occurred in the combustion chamber with
21.85 MW (65.34%), followed by the compressor with 8.49 MW (25.4%), and the smallest was the
gas turbine with 3.09 MW (9.24%). Furthermore, the efficiency of exergy was said to be the same
with the efficiency of the second thermodynamic law. Figure 2 showed that the exergy efficiency of
the compressor, combustion chamber and gas turbine were 73.79%, 76.45% and 95.64%,
respectively. However, the high exergy destruction rate in the combustion chamber was due to
unburnt fuel, incomplete combustion and heat loss to the surrounding area through the combustion
process [20,21]. A similar study was carried out an exergoeconomic analysis on a 100 MW GE gas
turbine and the results showed that extermination of exergy in the compressor, combustion chamber
and gas turbine were 9.66 MW (3.53%), 238.7 MW (86.38%) and 27.97 MW (10.12%) [14].

The exergoeconomic analysis was calculated by using exergy analysis data and economic
principle. It is used to obtain the exergy destruction and cost of each component of gas turbine power
plant. Furthermore, the purchased equipment cost of each component as show in Table 3 such as
compressor, combustion chamber and gas turbine were calculate by using data from Table 2 and Eq.
(7)-(9). It was seen in Table 3 that the most expensive of purchase equipment cost is compressor
$3,421,229.46 followed by the gas turbine $2,642,389.59 and the cheapest was combustion chamber
$174,360.79 and the total of purchace equipment cost wass $6,237,979.84. Caused of the highest
exergy destruction rate in the combustion chamber followed by compressor and gas turbine, thus
the highest of exergy cost destroy was combustion chamber $1,561.46 followed by compressor and
gas turbine were $1,066.43 and $165.25 respectively. In addition, several studies have been carried
on exergy analysis of gas turbine power plant and the results are show in Table 4.

Table 4
Exergy destruction rate and exergetic efficiency comparison with other reference
Reference Exergy Destroy (Xp) Exergy Cost Destroy (Cp)
(MW) (MW)
AC cC GT AC cC GT
Ogbe [5] 1.60 64.14 2.08 42.51 531.08 50.99
Aliu, [9] 10.81 110.9 2.08 172.5 1566.9 29.60
Igbong, [14] 9.66 238.7 27.97 235.8 941.02 385.78
Khademi, [16] 15.32 126.6 18.56 1907.6 11622.6 2118.15
Al Ansi, [21] 15.45 82.2 29.12 235.8 941.02 385.78

According to the results of exergoeconomic analysis in Table 3, the exergy product from operating
the gas turbine power plant for an hour comprised of four component of price electricity. They
include capital cost of 0.01345/kWh, fixed operation and maintenance cost of 0.00455/kWh, variable

132



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 84, Issue 1 (2021) 126-134

operation and maintenance cost of 0.00095/kWh, fuel consumption cost of 0.08645/kWh and total
electricity generated by the gas turbine power of 0.1055/kWh or 10.5 percent USD/kWh.

5. Conclusions

From the analysis results, the thermal and exergetic efficiency of gas turbine power plant were
24.51% and 22.73% respectively. In addition, the location of the largest exergy loss was in the
combustion chamber with 21,851.18kW, followed by the compressor with 8,495.48kW and the gas
turbine with 3,094.34kW. Meanwhile, the total cost loss due to exergy destruction was
2,793.14S5/hour, consisting of compressor 1,066.435/hour, combustion chamber 1,561.465/hour and
gas turbine 165.255/hour.
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