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Abstract—We propose a systematic approach for performance evaluation and improvement of a combined cycle power
plant (CCPP). Exergoeconomic and exergoenvironmental analyses are used to assess CCPP performance and suggest
improvement potentials in economic and environmental aspects, respectively. Economic and environmental impacts of
individual system components are calculated by cost functions and life cycle assessments. Both analyses are based on a
CCPP case study located in Turkey, which consists of two gas turbine cycles and a steam turbine cycle with two differ-
ent pressure heat recovery units. The results of the exergoeconomic analysis indicate that the combustion chamber and
condenser have a high performance improvement potential by increasing capital cost. Furthermore, the exergoenviron-
mental analysis shows that the exergy destruction of the steam turbine and combustion chamber and/or the capacity of
heat recovery units must be reduced in order to improve environmental performance. This study demonstrates that
combined exergoeconomic and exergoenvironmental analyses are useful for finding improvement potentials for sys-
tem optimization by simultaneously evaluating economic and environmental impacts.

Keywords: Life Cycle Assessment (LCA), Combined Cycle Power Plant (CCPP), Exergoeconomic, Exergoenvironmen-
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INTRODUCTION

The efficient use of energy resources has become a prominent
issue due to the continuously increasing world population and
rapid industrialization rate [1,2]. Several different types of power
plants have been developed, but most have a low thermodynamic
efficiency as a result of substantial heat losses during power gener-
ation. For this reason, particular attention has been paid to com-
bined cycle power plants (CCPP) due to their higher thermal effi-
ciency compared to power plants with separate steam and gas tur-
bine cycles [3].

CCPPs use two power generation cycles, where the heat loss of
one is used as the heat source of the other, leading to increased
thermodynamic efficiency over single power generation cycles [1].
Exergy analysis is a powerful and efficient tool for evaluating and
optimizing CCPP performance that has been carried out by many
researchers [4]. Ameri et al. [5] conducted exergy analysis of each
component of a CCPP in the northern part of Iran, and presented
the first law efficiency, exergy efficiency, and exergy losses. Their
results indicated that the components with the highest irreversibil-
ity (in descending order) are the combustion chamber, heat recovery
steam generator (HRSG), gas turbine, and duct burner. Boyagh-
chi and Molaie [6] implemented an advanced exergy analysis to
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improve the design and operation of a real CCPP. A parametric
analysis was also conducted to determine the sensitivity of the
exergy efficiency and exergy loss to the turbine inlet temperature
and the compressor pressure ratio. Sharma and Singh [7] per-
formed an exergy analysis of a dual-pressure HRSG in a CCPP at
Auraiya, India, and calculated the exergy loss and exergy efficiency
at various dead-state temperatures. Their results showed that the
high-pressure evaporator has the greatest irreversibility at various
steam generation pressures and at elevated dead-state temperatures.
Economic and environmental assessments have also received
increasing attention. Lee et al. [8] conducted an economic analysis
of a commercial-scale coal-fired power plant equipped with a post-
combustion CO, capture system (CCS). Their results showed that
the levelized cost of electricity of a commercial-scale USC power
plant with CCS will increase from 47 to 68 USD/tCO,, and that
the CO, cost which can be saved is 33 USD/tCO,. Using life cycle
assessment (LCA), Rasid et al. [9] concluded that palm bio-oil can
be used in place of fossil fuels in future power plants since the pro-
duction of palm bio-oil carries no negative environmental impacts.
It is possible to combine economic and environmental assess-
ments with thermodynamic principles. Exergoeconomic analysis
considers thermodynamic and economic principles simultaneously
to provide performance information on cost-effective energy con-
version systems [10]. The cost of the entire process is obtained by
assigning a cost to all of the exergy streams in the system [11].
Similarly, exergoenvironmental analysis combines the principles of
thermodynamics and LCA in order to obtain environmental infor-
mation on energy conversion systems. In this case, LCA is used to
assign an environmental impact to all of the exergy streams in the
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system [12]. Bagherneiad and Yahoubi [13] performed an exer-
goeconomic analysis to optimize an integrated solar combined
cycle system by considering the investment cost of components
and the cost of exergy destruction, which resulted in a 7.1% and
1.17% reduction in the cost of electricity produced in steam tur-
bine and gas turbine cycles, respectively. Ahmadi and Dincer [14]
conducted a thermodynamic analysis and thermoeconomic opti-
mization of a dual-pressure CCPP, using a genetic algorithm to
minimize the total cost of the plant. Their results indicate that the
greatest performance improvements could come from improving
the efficiency of the turbine and increasing the cost of fuel. Kelly et
al. [15] analyzed an industrial combined heat and power plant
using life cycle assessment (LCA) and presented its energy demand
and global warming potential over a 30-year lifetime. Boyano et al.
[16] conducted an exergoenvironmental analysis of a hydrogen
production process using a steam reforming reactor, and based on
the results were able to suggest some improvements for its design.
Ganjehkaviri et al. [17] modeled a CCPP using combined exer-
goeconomic and environmental analyses to calculate the costs of
electricity and exergy destruction, sustainability, carbon dioxide
emission, and fuel consumption, and improved exergy efficiency
by 6% and reduced CO, emission by 5.63%. Oyedepo et al. [18]
presented a thermoeconomic and thermoenvironmental analysis
of a gas turbine power plant in Nigeria, finding that a decrease of
exergy destruction in the combustion chamber and an increase of
the gas turbine inlet temperature would reduce the cost of exergy
destruction, CO, emission, and overall environmental impact. Recent
research efforts have focused on either exergoeconomic or exergo-
environmental analyses of CCPPs, but few researchers have car-
ried out both simultaneously.

Ersayin and Ozgener [1] suggested the improvement and mod-
ification method for ATAER energy power plant located in Tur-
key by applying the energy and exergy analyses. They concluded
that the improvement of heat transfer rate between the turbine
and outside environment can minimize the energy and exergy
losses of the power production components. Also, they propounded
the adjustment of air-fuel ratio of combustion, reduction of excess
air to decrease the losses of energy and exergy in a combustion
chamber and suggested a redesigning of heat insulation system [1].
However, these suggestions focus on the improvement of the opera-
tional performance of CCPP without considering the economic
and environmental aspects. Note that additional amount of energy
cost is required and also additional pollutants are emitted to im-
prove the performance of CCPPE, which was interested in only the
performance improvement without the systematic approach and
may result in unsatisfactory environmental effect. Therefore, the
suggestion for performance improvement and practical modified
designing in a CCPP needs to be developed considering the eco-
nomic and environmental analyses, where exergoeconomic and
exergoenvironmental analyses of a real CCPP can be used as energy
and exergy analyses.

This study proposes a systematic approach for finding improve-
ment potentials of a real CCPP by the simultaneous exergoeco-
nomic and exergoenvironmental analyses of energy system com-
ponents. The exergoeconomic analysis calculates the total cost of
the CCPP with the economic impact of each component and also

evaluates the potential of economic improvement of each energy
system component. Similarly, the exergoenvironmental analysis
provides total environmental impact with environmental impact
of each component and also evaluates the potential of the environ-
mental improvement of each energy system component.

It has been well known that parameters such as natural gas
price, interest rate, and capacity and efficiency of each component
of energy system have significant influences on the total cost and
the environmental impact [15]. It is important to evaluate the influ-
ence of sensitive parameters on the exergoeconomic and exergo-
environmental analyses checking the improvement potentials of
CCPP with the economic and environmental impact. Therefore,
the second contribution of this study is to evaluate the effects of
the key parameters on the exergoeconomic and exergoenviron-
mental analyses using a sensitivity analysis, where the most influ-
ential parameters on the economic and environmental aspect of
CCPP are determined.

This study consists of three major parts. First, exergoeconomic
and exergoenvironmental analyses are conducted to investigate the
cost flow and environmental impacts of the each stream in CCPP.
Second, guidelines to the improvement of CCPP performance are
suggested based on the results of the exergoeconomic and exergo-
environmental analyses. Third, a sensitivity analysis on the exer-
goeconomic and exergoenvironmental parameters is carried out
and the effects of key parameters are evaluated.

MATERIALS AND METHODS

1. Description of a CCPP

Fig. 1(a) shows a panorama and Fig. 1(b) shows an overall block
diagram of the ATAER Energy Power Plant located in the Izmir
Atatiirk Industrial Zone in Turkey. The ATAER Energy Power
Plant consists of three major parts. The first part contains two gas
turbines where ambient air is compressed by a compressor. The
compressed air is then sent to the combustion chamber where nat-
ural gas is injected. After the combustion reaction, high-tempera-
ture combustion gas passes through the gas turbine and generates
50 MW of nominal power while the expanded gas temperature
decreases to 460 °C. The second major part contains heat recov-
ery systems which are used to increase the efficiency of the power
plant. Two types of heat recovery systems are used, including the
heat recovery steam generator (HRSG) and the once-through steam
generator (OTSG). The difference between these two is that the
HRSG has a drum which saves the produced steam while the OTSG
does not. In this part, the exhaust gas of gas turbines is used as a
heat source to produce 114 t/h of steam at high pressure (5 MPa)
and low pressure (0.5 MPa). The third part is the steam turbine
which is operated by steam generated by the heat recovery sys-
tems. The steam turbine generates 24 MW of power using both
high-pressure and low-pressure-generated steam. The thermody-
namic properties of the ATAER power plant and the energy and
exergy simulation results used in this study are presented in Tables
land 2 [1].
2. Exergoeconomic Analysis of a CCPP

The cost exergy unit of the product streams was investigated
using cost formation equations [19]. To calculate the cost per
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Fig. 1. (a) Panorama of the ATAER power plant, (b) schematic diagram of the ATAER power plant [1].

exergy rate (or cost flow rate) of each stream, a cost balance equation
with terms describing the cost flow rate of input and output streams,
the required heat, the output work of the shaft, and the cost flow
rate associated with capital investment, operation, and maintenance,
was used. Egs. (1) to (6) present the exergoeconomic formulation.
The cost balance of component k is given by Eq. (1) [20]:

Zcuut,k+Cw,k=ZCin,k+Cq,k+Zk (1)

where k is a component index, C;, and C,,: are the cost rates of
input and output streams, respectively, C,, is the cost flow rate of
work produced by the component, C, is the cost flow rate of
required heat, and Z is the sum of capital investment, operation,
and maintenance costs. Each of the cost flow rates presented in
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Eq. (1) are calculated using Eq. (2):

Ci=c;-m;-¢; )
where c; is the cost per exergy of each of the streams.

Z in Eq. (1) is obtained from Eq. (3) as follows [20]:

=T+ 20 3)

Wf(ﬁre Zi is the capital investment of the kX" component and
Zx is the operation and maintenance cost of the k™ component.
The capital investment is calculated using Eq. (4)

7=(EE).7, @
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Table 1. Thermodynamic properties and energy and exergy data for the ATAER power plant [1]
. Temperature Pressure Mass flow  Enthal Entro Specific exer; Exergy rate
Point  Type of stream E’C) (bar)  rate (kgs) (k]/kgP;y (k]/kgrlzf) ’ (K/kg) o (kgv}\ff)
0 Dead state 25 1.013 - - - - -
1 Air 122 1.01325 1514 2853 5.65 0.2148 57.03
2 Air 506.6 30.7 151.4 799.8 5.71 505.2 7226342
3 Combustion gas 862 30.7 153.3 1333.5 841 708.1 126207.3
4 Combustion gas 463 1.01325 153.3 787.2 7.69 168.8 313223
5 Air 12.2 1.01325 1514 285.3 5.65 0.2148 57.03
6 Air 506.6 30.7 1514 799.8 571 505.2 72263.42
7 Combustion gas 862 30.7 153.3 1333.5 8.41 708.1 126207.3
8 Combustion gas 463 1.01325 153.3 787.2 7.69 168.8 313223
9 Steam 426 492 119 3260 6.747 1319 14920.81
10 Steam 226 53 3.8 2909 7.143 853.5 2981.1
11 Steam 430 50.07 11.7 3268 6.751 1326 15514.2
12 Steam 225 5.44 3.72 2906 7.126 855.8 3183.57
13 Water 413 0.1 31.12 2310.2 0.5896 4.72 3760
14 Water 39.2 0.1 31.12 164.2 0.5616 4.01 124.79
15 Water 39.2 0.1 15.42 164.2 0.5616 1.28 19.73
16 Water 135 49.2 11.9 168.6 0.5597 73.82 878.45
17 Water 39.2 53 3.8 164.6 0.5614 454 17.25
18 Water 133 50.07 11.7 168.6 0.5597 71.54 837.01
19 Water 39.2 544 372 164.6 0.5614 454 16.88
20 Flue gas 129 1.01325 153.3 403.86 7.22 15.64 49794
21 Flue gas 129 1.01325 153.3 403.86 7.22 15.64 49794
22 Natural gas 12.2 43 213 44000 - 46640 109596.7
23 Natural gas 12.2 43 213 44000 - 46640 109596.7
24 Water 41.3 53 15.42 1734 0.5621 2228 34.35

Table 2. Exergy destruction rate of ATAER power plant components
(1]

Equipment Exergy destruction rate (kW)
Compressor 3,925.61
Combustion chamber 65,962

Gas turbine 11,100

Heat recovery unit 7,971.75

Steam turbine 6,004

Condenser 22.1

where 7is the annual plant operation time, CRF is the capital recov-
ery factor, and Z, is the capital investment cost for each compo-
nent. The CREF is calculated using Eq. (5):

n
CRF=——"_ )

where i, is the interest rate and n is the number of operation years.
The operation and maintenance costs are calculated using Eq. (6):

. -Z
B ©

where y is maintenance factor [21] and Z, is the capital cost of the
K™ component, which is calculated from the cost function given in

Table 3 [22,23].

In the cost balance equation, Eq. (1), there is usually more than
one inlet-outlet stream, so auxiliary thermodynamic equations are
formulated by applying F and P principles based on a specific
exergy cost method (SPECO) [24]. According to the F principle,
exergy streams associated with the reduction of exergy through
the component are defined as fuel streams. Similarly, the P princi-
ple defines the product as the sum of all exergy values at the out-
let plus all of the increases in exergy between the inlet and outlet.
Thus all streams in a CCPP are divided into fuel and product
streams. The resulting cost balances and required auxiliary equa-
tions for each component are given in Table 4.

The cost balances in Table 4 are solved by the Engineer Equa-
tion Solver (EES) program, (version 8.4) to obtain the unit exergy
cost of all exergy streams in the system. The natural gas cost (cy,
Cy3) is considered as 4.37 $/GJ [25]. Exergoeconomic variables are
used to evaluate the exergoeconomic performance and improve-
ment potentials [19]. Exergoeconomic variables including the
average unit cost of fuel, the average unit cost of product, the cost
rate of exergy destruction, the cost rate of exergy loss, the relative
cost difference, and exergoeconomic factor are given by Egs. (7) to
(12) as follows:

Crx
Crk Er @)
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Table 3. Capital investment function for CCPP components [22,23]

M. Kim et al.

No. C;)fnsl 5 ;:Ier?t Capital investment cost function Remark Reference
1 Air 7 447l 1 - In(r,) Z¢: Capital investment of air compressor [22]
compressor ACT IR 0.95-n. PP m,,;, : Air flow rate
(AC) 7 Air compressor efficiency
r,: Pressure ratio in air compressor
2 Combustion Z-;=28.98-m,,-(1+ e0'015'<T°“’71540K)) Zc: Capital investment of combustion chamber [22]
chamber (CC) T, Temperature of outlet gas
3 Gas turbine 7 30145-10 - 1 ' Zy: Capital investment of gas turbine [22]
(GT) or ’ 8 0.94 - Ngr r,: Combustion gas flow rate
I ( P, ) (s 0025 (T, 1570 K)) Ner: Gas turbine efficiency .
N P,, and T,,: Pressure and temperature of inlet flow
e P, Pressure of outlet flow
4 Pump Zpump=308.9-W piom Zpy+ Capital investment of pump [23]
W pump: Power consumption of pump
Coump: 045 (If 0.3<W 5,1,y <20)
5  Steam turbine 7. —3880.5- P0‘7(1+( 0.05)3). Zs;: Capital investment of steam turbine [22]
(ST) ST TSt 1- 71 Pg;: Power generation of steam turbine
T, — 866K 7y Steam turbine efficiency
(” > eXp( 10.42K D
6 Condenser T (ﬁ 06 Zcond: Capital investment of condenser [23]
(Cond) Cond ™ &R.Cond |\ A ,) Zp cond: Reference cost of condenser in reference year
Q, A;: The heat transfer area of component k
Ar= U,-LMTD,’ Ay Reference heat transfer area
(T, ~T. )=(T, ~T..) Qu: Heat transfer flow through the component
LMTD,=—= C;li 7 . e ol U,: Heat transfer coefficient (=1 kW/m’K)
Intefeti LMTDy: Logarithmic mean temperature difference
Tie= T h and c: hot and cold streams
iand e: inlet and outlet streams
7  Heat recovery Zyrse: Capital investment of HRSG [22]

steam generator Zrnso=41318- Z(ff” i 81, s,

Qi 0.
f-T, gas, i’ (m)

+1489.7 10

stream, j

+13380-Yf, ;-mh
)

p

)

Q;: Heat transfer rate of HRSG

AT, ; Logarithmic mean temperature difference

t, - Conversion factor of gas pressure

£1 aream, - Conversion factor of out stream temperature

f, ;=0.0971- 376—1:‘;: +0.9029 £1;4us - Conversion factor of out gas temperature
£ cream, i=1+ exp( — WS“(')”(’)’K SSOK)
T ot oas,i— 990K
frogas i=1+exp (—_L_—_SOOK )
- gﬁ ® product strearfl, and exergy destru.ction, respectively.
R A 3. Exergoenvironmental Analysis of a CCPP
) , Exergoenvironmental analysis is used to determine the extent
Co,k=cp, i Ep,k ©) to which each component of a system is responsible for the over-
Cri=cp o-Erx (10) all environmental impact and identify the greatest sources of the
’ impact. Exergoenvironmental analysis consists of three steps: exergy
- SG=Cri_Cok + Z_1-& N Z'k‘ 1) analysis, LCA, and the assignment of environmental impacts to
SRk cprBpk & cppEp exergy streams in the system [12].
. Step 1 - Exergy analysis
f Z (12) The results of exergy analysis driven by Ersayin and Ozgener [1]

K== - -
Zk+(CD,k+CL, k)

where k, E P and D represent the component index, fuel stream,
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presented in Table 1 were used as the first step of exergoenviron-
mental analysis.
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Table 4. Cost balance and auxiliary equations of CCPP components

Components Cost balance and auxiliary equation ~ Components Cost balance and auxiliary equation
Air C,=C5=C5=0 Heat recovery Ci+Ciorr7+ Zarse=Cao+ Cosro
steam generator Cy0=Cy> Cg=C19=Co,10
C18=C19=Cig+19
Compressor I Cit Zeomp+ Co, comp=Ca Once through Cs+Cisrio+ Zorsg= Car+ Ciranz
Combustion chamber I~ C,+Cp+Zee=Cs steam generator C31=Cg> C16=C17=Ci6117

C=Cn=C+12

Gas turbine I C3+ZGT:C4+CW mmp+cw, GT, Steam turbine Corto+Cirsia+ ZST:C13+CW, sT+ Cw,pump

C3=Cy Cromp.1=CGT.I Co+10=C13
Compressor 1I Cs+ mep +Cy, comp= =Cs Condenser Ci3+Cos+Zeona=Ciat Cas

Ci13=Cuq

Combustion chamber I~ Cg+Cas+Zee=C5 Tank Clu=Cis
Gas turbine II Cr+Zer=Cs+Co, comp+Cu, 61, Pump Cis+ Zpump+ Cov, pump=Coa

C7=Cs Ceomp.n=CGr.11 C24=Ci6+17

Remark

i: The stream number in Fig. 1(b)

¢;: The cost per exergy of the i stream

Ci: The cost flow rate of the i stream

Z: The combination of capital investment, operation cost, and
maintenance cost for the k™ component

Cw comp + Cw GT,

net*

Chw, comp: The cost flow rate of work required for compressor

: The cost flow rate of work produced by gas turbine

Cu, s+ Cu, pump: The cost flow rate of work produced by steam turbine
Chw, pump: The cost flow rate of work required for pump

Step 2 - Life cycle assessment (LCA)

LCA is a method to evaluate the environmental impacts associ-
ated with a product over its entire life cycle. According to the Inter-
national Standardization Organization (ISO), LCA consists of goal
and scope definition, inventory analysis, impact assessment, and
interpretation. Energy and mass obtained by physical laws for streams
and materials referred in the literature for each CCPP component
are considered in the inventory analysis [15]. The CML2002 method
proposed by Centre of Environmental Science - Leiden University
(CML), Leiden in Netherlands was used to assess quantitative impact
using normalization and weighting. Abiotic depletion, acidifica-
tion, eutrophication, fresh-water aquatic eco-toxicity, global warm-
ing, human toxicity, marine aquatic eco-toxicity, ozone depletion,
photochemical ozone creation, and terrestrial ecotoxicity potential
[26] are impact categories which have been included in the CML
method. Results for each of the ten categories are obtained by clas-
sification, characterization, normalization, and weighting.

Step 3 - Assignment of environmental impact to exergy streams

Assignment of LCA results to exergy streams is carried out in
analogy to the assignment of costs to exergy streams in exergoeco-
nomics [22,27]. The environmental impact rate of stream j, B}, is
calculated using Eq. (13):

B;=Eb, (13)

where B; is the environmental impact expressed in a weighted
value of LCA per time unit (mPt/s), b; is the specific environmen-
tal impact which is the environmental impact per unit of exergy
for the fh stream (mPt/GJ), and E]- is exergy rate of the product (GJ
exergy/s).

The environmental impact Y associated w1th the life cycle of
the K" component including constructlon (%), operation and
maintenance (Yk ) and disposal (Yk ) is given by Eq. (14) [12]:

Y=Y+ Y Yy (14)
The environmental impact balance for the kX component with n
inlet streams and m outlet streams is given by Egs. (15) and (16):

ZB] k, out= ZB] k, m+Yk (15)
Jj=1

Z(bj'E)j, k, our:Z(bj'E)j, k, in+Yk (16)
j=1 j=1

The reason for calculating the environmental impact balance is
to obtain the environmental impact rate B; and the specific envi-
ronmental impact b;. In general, the number of required auxiliary
equations is equal to the number of streams minus the number of
environmental impact balance equations. Auxiliary equations are
formulated according to the F and P principles presented in sec-
tion 2 - materials and methods [22]. The environmental impact
balance and auxiliary equations used in this study are shown in
Table 5. To obtain the value of Yy, the life cycle inventory data for
the k™ component presented by Kelly et al. [15] is used. To get the
values of B;, the environmental impact balance is also solved by
the Engineer Equation Solver (EES) program. Based on Eq. (13),
the specific environmental impact b; is calculated using the ob-
tained value of B; and the exergy rate E; listed in Table 1 [1].

Exergoenvironmental variables including the specific environ-
mental impact of fuel and product, environmental impact of exergy
destruction, total environmental impact associated with a compo-
nent, relative difference of specific environmental impacts, and
exergoenvironmental factors are used to evaluate the environmen-
tal performance of the system components as follows.

- Specific environmental impact of fuel and product

The average specific environmental impacts of product and fuel
for the kK™ component are calculated using Egs. (17) and (18), respec-

Korean J. Chem. Eng.(Vol. 34, No. 1)
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Table 5. Environmental impact balance and auxiliary equations of CCPP components

Components Cost balance and auxiliary equation

Components

Cost balance and auxiliary equation

Air b,=bs=by=0

Compressor I Bi+ Y comp+ B, comp= B2

Combustion chamber I ~ B,+Bxn+Y=B;

Heat recovery
steam generator

Once through
steam generator

By+Bisr17+ Yars =Bao+ Bosro
byy=by, bg=by=bg, o
b18=b19=bls+19

Bs + BIS+19 +YOTSG = BzH— Bn+12
by =bg, big=b;=bis
b11=b12=b11+12

Gas turbine I B3+Y.GT:B4+BW, Comp-i-Ew, GT,y Steam turbine B9+10+BH+12+ Y.STZBB-‘:-BW, sT+ Bw,pump

bs :b4’ bcomp..I:bGT.I . b9+1o=l?13 ) ) )
Compressor II Bs+Y comp+Buw, comp=Bs Condenser Bis+Bas+ Yeona=BiatBas

) ) ) ) b13=b14

Combustion chamber II  Bs+ B3+ Y.=B5 Tank bi=bys
Gas turbine IT By +Yor=Bs+Bu, comp+ By, 1., Pump Bis+ Y pump+ B, pump= B4

b7:b8’ bcomp.U:bGT.H by=bs,1;

Remark

j: The stream number in Fig. 1(b)

b;: The specific environmental impact of the " stream

B;: The environmental impact of the ;" stream

Yj: The environmental impact associated with the life cycle of
K™ component

B.. comp+ B., ¢r,,: The environmental impact of work produced by gas

turbine

B, comp: The environmental impact of work required for compressor
By, st+ By, pump: The environmental impact of work produced by steam

turbine

B, pump: The environmental impact of work required for pump

tively:
Bp
bp == 17)
P
Br i
by, =— (18)
L

where P stands for product and F stands for fuel. These values are
lower for components closer to the fuel stream of the overall sys-
tem and higher for components closer to the product stream of
the overall system [12].

- Environmental impact of exergy destruction

The environmental impact associated with exergy destruction
within the k" component B,  is obtained from Eq. (19):

Bp, k=bp (Ep, k (19)

where the subscript D indicates exergy destruction.

- Total environmental impact associated with a component

The total environmental impact Bror, s is calculated by adding
the component-related environmental impact Y and the environ-
mental impact of exergy destruction Bp, x:

Bror, k=Yk+Bp, k (20)

- Relative difference of specific environmental impacts
The relative difference between the average specific environ-
mental impacts of the product and fuel is found by the formula:

rb'k:T (21)

where 1, represents the potential for reducing the environmental
impact associated with the K™ component.
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- Exergoenvironmental factor
The exergoenvironmental factor f,; expresses the relative con-
tribution of a component-related environmental impact Yy to the
total environmental impact Bror, «.
Y Yk
Yi+Bp,x Brorx

fyx (22)

When the exergoenvironmental factor is higher than approxi-
mately 0.7, the component-related environmental impact is domi-
nant. On the other hand, when the exergoenvironmental factor is

Selection of combine cycle power plant (CCPP)
for economic and environmental assessment

v v

Calculation of operation and
investment cost

Life cycle assessment
for selected CCPP

v v

Assignment of
environmental impact
to exergy streams

v v

Exergoeconomic
evaluation

Assignment of
the costs to exergy streams

Exergoenvironmental
evaluation

v v

Interpretation of the evaluations and suggestion to
improve economic and environmental impact

Fig. 2. The proposed framework for evaluating the economic and
environmental impacts of a selected CCPP.
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lower than approximately 0.3, exergy destruction dominates the
environmental impact [12].
4. An Integrated Framework for the Exergoeconomic and Exer-
goenvironmental Analyses of a CCPP

Fig. 2 shows a proposed framework for evaluating the economic
and environmental impacts of a CCPP. First, data was collected for
a CCPP case study [1]. To assess two impacts, exergoeconomic and
exergoenvironmental analyses were conducted. For exergoeconomic
analysis, operation and investment costs were calculated and assigned
to exergy streams. Based on exergoeconomic streams, exergoeco-
nomic evaluation was carried out. For exergoenvironmental analy-
sis, an LCA was conducted to obtain the environmental impacts
of components of the CCPP. Next, the environmental impacts
obtained from LCA were assigned to exergy streams and exergo-
environmental evaluation was carried out. With the aid of system
evaluation, the performance of the CCPP was interpreted to find
the components with the greatest economic and environmental
impacts. Furthermore, the sensitivity analysis on the exergoeco-
nomic and exergoenvironmental parameters was conducted to
find the key parameters and evaluate the effects of key parameters
on the exergoeconomic and exergoenvironmental analyses. Note
that when one parameter is changed in the sensitivity analysis, the
others are fixed. For the exergoeconomic aspect, the sensitive param-

Table 6. Exergoeconomic variables of CCPP system components

eter affects the results of exergoeconomic analysis, such as total
cost, exergoeconomic factor (f) and relative cost difference (r). To
find the most sensitive parameter in exergoeconomic analysis, inter-
est rate, annual plant operation time and natural gas price were
selected as the parameters for sensitivity analysis. For the exergo-
environmental aspect, the sensitive parameters which affect total
environmental impact Bror were found with sensitivity analysis at
operation and construction phase, respectively. Bror was calcu-
lated by summing total environmental impact associated with a
component Bror, ; for all components of an energy system. The
sensitive parameters at operation phase were the natural gas usage,
the compressor, the electricity usage and the efficiencies of compo-
nents. For the construction phase, the volume ratio of HRSG, steam
turbine, compressor, combustion chamber, gas turbine and con-
denser were selected as the influential parameters.

RESULTS AND DISCUSSION

1. Exergoeconomic Analysis of a CCPP

Exergoeconomic analysis was conducted using the exergoeco-
nomic formulation presented in section 2 - materials and meth-
ods. The unit cost per exergy for each stream was calculated with
equations presented in Table 4 and analyzed by exergoeconomic

Variable Compressor Combustion chamber Gas turbine Heat recovery unit Steam turbine Condenser
< ($/M)) 0.0233 0.0044 0.0193 0.0193 0.0298 0.0298
(o8 ($/M)) 0.0271 0.0193 0.0233 0.0298 0.0382 0.1568
Cp ($/s) 0.1327 0.2432 0.2150 0.1803 0.1647 0.1084
C, ($/s) 0 0 0.0000 0.0961 0 0.0208
Z, ($/s) 0.1405 0.0003 0.1215 0.0243 0.0874 0.0007
Cp+C +Zy ($/s) 0.2732 0.2435 0.3365 0.3007 0.2522 0.1299
f (%) 51.42 0.1319 36.10 8.080 34.67 0.5416
r (%) 16.13 341.8 20.81 54.53 28.10 425.8

035

03

0.25

Total cost ($/s)

=]

Gas turbine Heat recovery units

Fig. 3. Total cost of CCPP system components.

02
0.15
01
0.05
0

Combustion
chamber

Compressor Steam rbine Condenser
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variables presented in Table 6.

In order to exergoeconomically analyze the system, the total
cost as a summation of Cp, C;, and Z, must be calculated [27]. Fig,
3 represents the total cost of each component of the system. Of all
the components in the system, the gas turbine had the maximum
cost, and the pump had the minimum cost. The heat recovery
units HRSG and OTSG had the second-highest total cost, and the
combustion chamber, compressor, steam turbine, and condenser
had the next-highest costs.

To analyze the improvement potential of each component, the
exergoeconomic factor and relative cost difference were com-
pared. The exergoeconomic factor is determined by the fraction of
capital investment and total cost, and the relative cost difference is
defined by the difference between the fuel cost and product cost.
Components with small f and high r have a high potential to
improve overall performance by increasing the capital investment
or by decreasing exergy destruction and loss.

Figs. 4(a) and 4(b) show the exergoeconomic factors and rela-

450
400 -+

350

Exergoeconomic factor (f) (%)

- HR

Gas wrbine

—
Heat recovery units

450

100

300 -
250
200
150 |
100
50
. wm

Gas wrbine Heat recovery units

Relative cost difference (r) (%)

Combustion
chamber

Combustion
chamber

tive cost differences of CCPP components. The combustion cham-
ber and condenser have small f and high r indicating a high potential
to improve performance, and therefore increasing the capital invest-
ment, perhaps by redesigning the combustion chamber and con-
denser, should be considered a priority. Changing the air-fuel ratio
in the combustion chamber is another way to improve system
performance. The heat recovery units also have small f and high r,
but both values are relatively low. In this case, alternative ways (i.e.,
installation of a pre-heater for the heat recovery units) might be
better than increasing capital investment to achieve overall system
improvement. The gas turbine, compressor, and steam turbine
have high f and small r, also at relatively low levels, which means
that these components have a low potential to improve perfor-
mance by increasing capital investment and have a low exergy
destruction rate in the system. This agrees with the results of a
previous study (Table 2); however, this analysis shows that the
same conclusion can be reached by comparing exergoeconomic
factors and relative cost differences.

Compressor Steam turbine Condenser
= [
Compressor Steam turbine Condenser

Fig. 4. (a) Exergoeconomic factors (f) and (b) relative cost differences (r) of the CCPP system components.

January, 2017



Performance assessment and system optimization of a CCPP based on exergoeconomic and exergoenvironmental analyses 15

0.7 4% 4%

Environmental impact
(mPt/s)

i = .

Fuel Pull[anl Electricity [ ompressor HR‘»(- L undrnm
production emission production Construn.tlon Ci
(Compressor) m Abiotic deplation 1 Global warming
= Marine aquatic eco-toxicity m Others
Operation Construction
(a) (b)

Fig. 5. (a) Total environmental impact of operation and construction stages using TOTAL, (b) relative contributions of individual impact cat-
egories to the total environmental impact.

2. Exergoenvironmental Analysis of a CCPP the required amount of reinforced steel is greatest for this compo-
The LCA of the system was modeled in TOTAL software. As a nent [15]. Furthermore, it can be seen in Fig. 5(b) that in the life
functional unit for the LCA, a net electricity generation of 1 kWh cycle of the CCPP system, the contributions to the total environ-
was selected. Fig. 5(a) presents the LCA results of each compo- mental impact in order from highest to lowest are abiotic deple-
nent giving the environmental impact of components during oper- tion, global warming, marine aquatic eco-toxicity and others, since
ation and construction. As shown in Fig. 5(a), in the operation abiotic depletion is most related to the production of steel (used to
stage, fuel production for combustion to increase the temperature build components such as the turbine, heat recovery unit, com-
and pressure of the compressed air has the highest environmental pressor, etc.). Clearly, the construction stage has a large contribu-
impact [28]. On the other hand, in the construction stage, con- tion to the overall environmental impact of a CCPP.
struction of the heat recovery unit has the highest impact, because Fig. 6(a) shows the environmental impacts associated with exergy

mB D BY k
0.700 0.900
0.800 -
0.700
0.600

0.400 2 0.500
E 0300 30.400
0.300
0.200 -
0.200
0.100
0.100
oo | —

Compressor Combustion Gas un'hlnc Heat Steam O nndcnscr Compressor Combustion Gas turbine Heat recovery  Steam turbine Condenser
chamber Tecovery turbine chamber unit
unit

@ ®

0.600
0.500

Environmental impact
mPt/s)
Environmental impact

Fig, 6. (a) Environmental impact associated with exergy destruction By, for different components, (b) sum of environmental impacts
Bror, « for system components.

Table 7. Exergoenvironmental variables of CCPP system components

Variable Compressor Combustion chamber Gas turbine Heat recovery unit Steam turbine Condenser
Yy (mPt/s) 0.105 0.061 0.061 0.422 0.160 0.053
by (mPt/GJ) 1.420 6.898 7.313 41.065 110.999 1230.060
by (mPt/GJ) 2.852 10.856 8.422 73.352 131.677 3984.790
Br, « (mPt/s) 0.105 0.756 4.616 1.045 3.276 4314
Bp ¢ (mPt/s) 0.211 0.817 4.678 1.466 3.436 4.366
Bp, k (mPt/s) 0.006 0.455 0.081 0.327 0.666 0.027
Bror, x (mPt/s) 0.111 0.516 0.143 0.749 0.827 0.080
£, 1 (%) 94.977 11.906 43.104 56.294 19.367 65.974
1,1 (%) 100.825 57.386 15.170 78.624 18.629 223.951
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destruction through the steam turbine, combustion chamber, heat
recovery unit, compressor, gas turbine, and condenser. Note that
the environmental impact of the pump was not included since it is
negligible. It is seen in Fig. 6(a) that the combustion chamber rep-
resents extremely high exergy destruction (Table 2), while the spe-
cific environmental impact of the fuel stream to the steam turbine
is relatively high (Table 7). The total environmental impact associ-
ated with a component Bror, x was used to identify the compo-
nents with the greatest effect on the environmental impact as shown
in Fig. 6(b). Similar to the environmental impacts associated with
exergy destruction, the steam turbine, combustion chamber, and
heat recovery unit are clearly the components which contribute
most significantly to the overall environmental impact. In particu-
lar, the heat recovery unit contributed to the component-related
environmental impact due to the construction process.

The relative difference of specific environmental impacts was
used to investigate the improvement potentials of process compo-
nents on their environmental performance. The condenser and
compressor have a relatively high improvement potential, as indi-
cated by their values of r, , (Table 7). Therefore, the environmen-
tal impact of the condenser and compressor can be reduced with a
smaller effort than other components.

Fig. 7 shows the exergoenvironmental factor that identifies the
causes of the environmental impact associated with the K™ compo-
nent. For the combustion chamber and steam turbine, exergy
destruction is the main source of environmental impact. In the
compressor, which has a f,; value above 0.7, the environmental

1.6 (a}

The summation of total cost (S/s)
"

3 35 4 4.5 5
Natural gas price ($/GJ)

5.5

0.35
(c)
0.33
0.31
0.29
0.27
0.25

0.23

0.19

Cost rate of exergy destruction ($/s)

0.17
0.15

0.21 4“.

Exergoeconomic factor (f) (%)

S%)
3

Compressor Combustion Gas turbine Heat recovery Steam turbine Condenser
chamber unit

Fig. 7. Exergoenvironmental factor of system components in a
CCPP.

impact is dominated by the component-related environmental im-
pact Yy

Finally, the steam turbine and combustion chamber appear to
have high improvement potentials with respect to reducing the
exergy destruction within each component. The component-related
environmental impact of the heat recovery units should also be
reduced in order to improve the environmental performance of
the CCPP.
3. Sensitivity Analysis

In the sensitivity analysis, the influences on the parameters of
exergoeconomic and exergoenvironmental analyses of each energy
system components in a CCPP are investigated.

For the exergoeconomic aspect, the natural gas price is the most

0.2 (b) 350
- =@=Exergoeconomic factor (f)
0.18
AN =m=- Relative cost difference (r) 340
~ =
0.16 - =
=2
0.14 | 330 =
e
0.12 320 E,
0.1 E
0.08 310 g
2
0.06 - 300 3
0.04 3
290 =
0.02
0 : : L 280
3 RX] 4 4.5 5 5.5
Natural gas price (8/GJ)
".
»"’
&
e

=&=Combustion chamber ( Dk

4.5

Natural gas price ($/GJ)

Fig. 8. The variation of (a) summation of total cost of CCPP components, (b) exergoeconomic factor and relative cost difference of combustion
chamber;, and (c) cost rate of exergy destruction of combustion chamber with respect to the natural gas price.
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sensitive parameter on the total cost of CCPB, compared to the inter-
est rate and annual plant operation time. It comes from that the
value of exergy rate of the natural gas is larger than other streams
(shown in Table 1) and the total cost is calculated by multiplying
the price and the exergy rate of natural gas. Fig. 8 shows the sensi-
tivity analysis result of the natural gas cost. As shown in Fig. 8(a),
the increase of natural gas price leads to the increase of total cost
of CCPP because only natural gas price increases without changes
of other variables in the cost balances (shown in Table 4). Fig. 8(b)
represents the changes in exergoeconomic factor (f) and relative
cost difference (r) of combustion chamber with the natural gas
price variations. The combustion chamber is shown as a domi-
nant component on the total cost of CCPB, since the natural gas
price directly affects the total cost of combustion chamber fueled
by the natural gas. The increase of natural gas price leads to the
concurrent decreases of f and r, where r shows a significant de-
crease with the increase of natural gas price as compared to f due
to the increasing cost rate of exergy destruction Cp, x (shown in
Fig 8(c)). It means that the natural gas price increases to improve
the performance of the combustion chamber but leads to a ques-
tion about how to decrease the exergy destruction in a unit. There-
fore, the natural gas price is the influential parameter of exergo-
economic analysis, which affects the cost rate of exergy loss.

18 (a)

237
6
25
24
23
22

21

Total environmental impact, Efo‘r (mPt/s)

2
140000 150000 160000 170000 180000 190000 200000 210000 220000

Natural gas (kg)

(b)

Total environmental impact, Bygy (mPt/s)

0.4 0.6 0.8 1 12 14 1.6
Volume ratio of HRSG

Fig. 9. The effect of (a) the amount of natural gas used in operation
phase and (b) variation of volume fraction for HRSG and
ST in construction phase.

%

10% 1

34%

= Abiotic depletion Global warming

m photochemical oxidant creation m Others

Fig. 10. Relative contributions of individual impact categories for
the natural gas usage.

For the exergoenvironmental aspect, the most important param-
eter is the amount of fueled natural gas and the capacity of HRSG
at the operation and construction phase of CCPP, respectively. Fig.
9(a) shows the variation of Bror in terms of natural gas usage at
operation phase. The variation of natural gas usage has the largest
effect on Bror compared with compressor electricity usage and ef-
ficiency of components. As the natural gas usage reaches a higher
value, the total environmental impact of the CCPP significantly
increases. The increased total environmental impact is strongly
related to abiotic depletion, global warming and photochemical
oxidant creation based on LCA results of the natural gas usage
shown in Fig. 10. Note that the natural gas is burned to obtain
high temperature and high pressure of flue gas in the combustion
chamber producing CO, as a by-product of the combustion pro-
cess. Therefore, the increase of natural gas usage leads more CO,
emission from the CCPP at operational phase, which results in
more impacts to the environment at operation phase. Fig. 9(b)
shows the variation of Bror in terms of the ratio of the modified
size to default size of the HRSG (i.e., volume ratio) at the construc-
tion phase. The variations of volume ratio of HRSG have larger
effect on Bror than those of steam turbine, compressor, combus-
tion chamber, gas turbine and condenser. The result of sensitivity
analysis at the construction phase corresponds to the LCA result
shown in Fig. 5(a), because the increase of HRSG capacity requires
more amount of steel than other components at construction phase.
Therefore, the volume of HRSG should be carefully designed con-
sidering the environmental aspect, although the larger capacity of
the HRSG guarantees more production of electricity.

CONCLUSIONS

A combined exergoeconomic and exergoenvironmental approach
is proposed to formulate guidelines for performance improvements
in both the economic and environmental aspects of a CCPP. The
ATAER Energy power plant located in Turkey, which consists of
two gas turbine cycles and one steam turbine cycle with two heat
generation units, was examined as a case study. Exergoeconomic
and exergoenvironmental analyses were used to investigate the
electricity cost rates and environmental impacts associated with
individual CCPP components. The main conclusions are listed as

Korean J. Chem. Eng.(Vol. 34, No. 1)
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follows:

1. Exergoeconomic analysis shows that the combustion cham-
ber and condenser have a high performance improvement poten-
tial by increasing the capital investment of units. Heat recovery
units also have a smaller performance improvement potential by
the installation of an additional unit (i.e., pre-heater).

2. To improve the environmental performance of CCPP, exergy
destruction in the steam turbine and combustion chamber should
be reduced. In addition, the design of the heat recovery unit should
be changed to lower its environmental impact during the con-
struction stage.

3. Sensitivity analysis shows that the natural gas price is one of
the influential parameters on the exergoeconomic analysis result.
This parameter affects the potential of the exergy performance
improvement of the CCPP components. In particular, the cost rate
of exergy loss is greatly influenced by changing the natural gas
price. Therefore, to suggest where and how to improve the perfor-
mance of CCPP units in the economic aspect, variations of the
cost rate of exergy loss with high natural gas price changes should
be considered more detail. For the exergoenvironmental aspect,
the natural gas usage and the capacity of heat recovery units are
key parameters at the operation and construction phase, respec-
tively. Because the total environmental impact is increased with
increase in these two parameters, lower values of these parame-
ters are favorable for a decision maker to evaluate the environ-
mental aspect. This study showed that the exergoeconomic and
exergoenvironmental analyses can improve the performance of
CCPP by evaluating the potentials of the efficiency of energy sys-
tem components of the CCPP. In addition, the guideline for im-
proving performance of CCPP was suggested with respect of the
economic and environmental viewpoint. Therefore, it is useful to
provide a guideline about where and how to improve performance
of CCPP when retrofitting and optimizing the power plant with
respect to the economic and environmental impacts since it is able
to provide the detailed information on energy system components
of a power plant.
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NOMENCLATURE
A :heat transfer area [m’]
B :environmental impact rate expressed in a weighted value of
LCA per time unit [mPt/s]
b :specific environmental impact which is the environmental

impact per unit [mPt/GJ]
CRF : capital recovery factor
C  :cost flow rate of stream [$/s]
c : cost per exergy of stream [$/M]]
E exergy rate [G] exergy/s]
e  :specific exergy [K]/kg]
f : exergoeconomic factor

January, 2017

f,  :exergoenvironmental factor
i : interest rate
LMTD, AT}, : logarithmic mean temperature difference [K]

m  :mass flow of stream [kg/s]

n  :number of operation years [year]

P :power generation [kW]

p  :pressure [bar]

Q  :heat transfer flow [kW]

r : relative cost difference

r, :relative difference of exergy related environmental impact

r,  :pressure ratio

T  :temperature [K]

U :heat transfer coefficient [kW/m’K]

W :work [kW]

Y  :component-related environmental impact rate associated with
the life cycle [mPt/s]

Z  :sum of capital investment, operation and maintenance costs
[$/s]

Greek Symbols

7 :annual plant operation time [hour]

n  :efficency

¥ :maintenance factor

Subscripts

AC, comp : air compressor
CC :combustion chamber
Cond : condenser

¢ :cold

D :destruction

F  :fuel

GT :gas turbine

h  :hot

in :input

Lj 4 jth stream

k  :kth component of the energy conversion system
L :exergyloss

out :output

P :product

q  :required heat

R :reference

ST  :steam turbine

TOT :total

w  :work produced by the component
Superscripts

CI  :capital investment

CO :construction

OM :disposal

DI  :operation, maintenance

Abbreviations

CCPP : combined cycle power plant
HRSG : heat recovery steam generator
LCA :life cycle assessment

OTSG : once-through steam generator
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