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Exergy-based analyses are important tools for studying and evaluating energy conversion
systems. Conventional exergy-based analyses provide us with important information on
the design and operation of a system. However, further insight into the improvement
potential of plant components and the overall plant, as well as into component interac-
tions, is important when optimal operation is required. This necessity led to the develop-
ment of advanced exergy-based analyses, in which the exergy destruction as well as the
associated costs and environmental impacts are split into avoidable/unavoidable and en-
dogenous/exogenous parts. Based on the avoidable exergy destruction, costs and environ-
mental impacts potential and strategies for improvement are revealed. The objective of
this paper is to demonstrate the application, the advantages, and the information
obtained from an advanced exergoeconomic analysis by applying it to a complex plant,
i.e., to a combined cycle power plant. The largest parts of the unavoidable cost rates are
calculated for the components constituting the gas turbine system and the low-pressure
steam turbine. The combustion chamber has the second highest avoidable investment cost
and the highest avoidable cost of exergy destruction. In general, the investment cost of
most of the components is unavoidable, with the exception of some heat exchangers. Simi-
larly, most of the cost of exergy destruction is unavoidable, with the exception of the ex-
pander of the gas turbine system and the high-pressure and intermediate-pressure steam
turbines. The advanced exergoeconomic analysis reveals high endogenous values, which
suggest that improvement of the total plant can be achieved by improving the design of
individual components, and lower exogenous values, which means that component inter-

actions are in general of lower significance for this plant. [DOI: 10.1115/1.4005115]

Introduction

Exergy-based analyses [1-11] include an exergetic analysis, an
exergoeconomic analysis, and an exergoenvironmental analysis.
In an exergetic analysis, the real inefficiencies of a system and
their sources that are kept hidden when an energy analysis is
applied are revealed and are then further related to costs in an exer-
goeconomic analysis. The main objective of an exergoeconomic/
exergoenvironmental approach is to find appropriate trade-offs
between efficiency enhancement and investment cost/environmen-
tal impact reduction at the component level that will eventually
lead to the improvement of the overall system. However, conven-
tional exergy-based analyses have some important limitations that
motivated the development of advanced exergy-based analyses
[12—17]: The conventional exergy-based analyses do not provide
sufficient and accurate information about (1) component interac-
tions or (2) the potential for improving a component or the overall
plant [18]. These two points, however, are crucial when improving
complex structures.

The advanced exergetic, exergoeconomic and exergoenviron-
mental analyses were developed to address these shortcomings of
the respective conventional methods. Partial applications of
advanced exergy-based analyses to small-scale systems [11,14,17]
affirmed the usefulness and significance of the methodology.
Advanced exergy-based methods provided information that could
not be obtained through the respective conventional methods and
indicated more accurate and non-misleading strategies for improv-
ing the overall plant, while also accounting for component interac-
tions. A comparison of the methodology used here with other
approaches is discussed in Ref. [19]. The present paper focuses on
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the advanced exergoeconomic analysis. Part of the costs associ-
ated with a power plant can be avoided through changes in the
plant structure, reduction of the investment costs of components,
or efficiency improvements in the components. Investment costs
that can be avoided through technically feasible design and/or
operating improvements constitute the avoidable part of the cost.
Identification of this part plays a very significant role in deter-
mining the optimization steps of a system and in estimating its
improvement potential. On the other hand, part of the overall
costs is imposed by physical, technological, economic, and legal
constraints and cannot be avoided (unavoidable cost) [13,14].
In addition, the costs of a component can also be separated
depending on whether they are caused by component interac-
tions (exogenous) or they are directly related to the operation of
the components themselves (endogenous) [15-19]. The avoid-
able and unavoidable values are further divided into endogenous
and exogenous parts. The information provided by an advanced
exergoeconomic analysis is crucial for improving the cost effec-
tiveness of a plant because this analysis identifies the most
important components and processes that mainly affect the cost
of the overall product and suggests strategies for reducing it.
This detailed analysis has been developed as an aid to the overall
optimization of energy conversion systems because it can save
time and resources by revealing the real avoidable inefficiencies
and costs, their sources, and the necessary steps for improving a
specific process.

This paper presents the first application of a complete advanced
exergoeconomic analysis to a complex power plant as a continua-
tion of the application of conventional exergetic and exergoeco-
nomic analyses and of the advanced exergetic analysis presented
in Refs. [6,7]. The same way a conventional exergoeconomic
analysis supplements a conventional exergetic analysis, the
advanced exergoeconomic analysis supplements the advanced
exergetic analysis. In exergetic analyses we calculate the exergy
destruction ~ within each plant component, while in
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exergoeconomic analyses we assign costs to these exergy destruc-
tions, and we reveal improvement strategies based on trades-offs
between costs of exergy destruction and investment costs.

Methodology

The complete methodology of an advanced exergoeconomic
analysis is described in Ref. [17], while an application of this
analysis to the power plant discussed in the present paper can be
found in Ref. [6]. The methodology of the advanced exergoeco-
nomic analysis for splitting the investment cost and the cost of
exergy destruction for this plant is briefly presented below.

Splitting the Costs. The total cost, on which the performance
of component k is initially evaluated, is the sum of its cost of
exergy destruction, Cpy, and its investment cost, Zk,
i.e., Cpy + Zi. These costs are split into endogenous/exogenous

parts (CZAZ/ Cpy and Zpyy /Zpy,

(cf)vk /CgAZ and Z',i‘v /Z.,l(]N), which are then further separated into

) and avoidable/unavoidable parts

-UNEN , ~UN.EX

their respective endogenous and exogenous parts (Cp,~ /Cp ",
VEN | AV EX UN EN SUN EX V.EN | AV EXN .

CA CA /Z, ", and Zf Z': ) in analogy to

the theory apphed in splitting the exergy destruction.

With the exception of the unavoidable investment cost, no new
simulations are required for further cost estimates, since the
required data can be derived either from a simulation of the real
case of the plant (assumed or given reference operating conditions
of the plant) or from the advanced exergetic analysis [6].

Splitting the Cost of Exergy Destruction, Cp . Depending
on whether the cost of exergy destruction within component &
Cp . can be avoided or not, and on whether it is caused by inter-
nal operating conditions of the component £ itself or by compo-
nent interactions, this cost is split into avoidable/unavoidable and
endogenous/exogenous parts, respectively, as:

-UN -UN -EN 1 EN
__ real __ real
CDk =cpiEp d k= CriEp (1
v mal -UN an -EX -real  -~EN

Dk — CDk ~— YDk Dk — “Dk — CDA,k
Here, C}"f is the average cost per unit of exergy of the fuel pro-
vided to component & in the base case, and Ej, ; is the unavoidable
part of the exergy destruction already calculated in the advanced
exergetic analysis [6]. The calculations of the unavoidable exergy
destruction assume the most favorable operating conditions for
the components, resulting in the lowest possible exergy destruc-
tion that cannot be further reduced. )
The avoidable/unavoidable parts of Cp; are further divided
into their endogenous/exogenous parts:

\UN.EN UN EN AV EN - UN,EN
’ leal ” —
{ Cop = Ep, } and { Dk = —Cpy }
- UN EX UN EN - AV, EX v V.EN
CD,k = CD k— “Dik C?),k = C?),k - Cg,k
(2)

. . -UNEN .
The unavoidable endogenous exergy destruction, Ej ", is the
part of the unavoidable exergy destruction caused by the operation
of component £ itself (endogenous). For its calculation, see

Ref. [6].

Splitting the Investment Costs, Z;. The endogenous and ex-
ogenous parts of the investment cost are related to internal operat-
ing conditions and to mutual interactions of the plant components,
respectively. These parts are calculated using the group of equa-
tions in Eq. (3).

. real
. . Z ed 5
72N :E,E;A/Z<Ek> and 20 =27"-72" 3
' Pk
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Here, Eﬁli is the exergy rate of the product of component k£ when
all other components operate theoretically (without any internal
irreversibility). For calculating the unavoidable investment cost of
heat exchangers, a new simulation for each component is required.
The least favorable operating conditions are assumed with low
effectiveness and high irreversibilities. The assumptions for simu-
lating unavoidable conditions depend on the decision maker and
are somewhat arbitrary. The unavoidable cost of other compo-
nents, such as steam turbines, etc., is predefined, due to limited
possible design changes for these components. The specific
assumptions made for all of the components are shown in Table 1.

The purchased equipment cost (PEC) is recalculated for the
unavoidable condltlons (PEC kN ), and it is then used to calculate

the cost rate Zk using Eq. (4). Then, the avoidable cost is esti-
mated with Eq. (5).

SUN P EC,L\/N sreal

2N = (PEC"""Z A @
AV sreal -UN
7 =77 ®)

The avoidable/unavoidable parts of the investment cost are further
divided into endogenous/exogenous parts as:

UN
UNEN N A v B
_ () and { “hvex ?v _ ;V E” }
Z]i/N EX Zk ZUN - '

(6)

Total Avoidable Costs, Z 1CA " “and Z ZA ", To iden-

tify the real importance and the real potentlal for improving the
k™ plant component, both the sum of the avoidable costs associ-
ated with exergy destruction and the sum of the avoidable invest-
ment costs of the component are calculated [20].

n
e A S o
r=1
r#k

Z.(:VYZ _ Z.?V‘EN + ZZ-;\V,EX,k (8)
r=1

r#k

Z/*l CAVEXk and z,ﬂZAVE !
r#k

represent the sums of avoidable costs associated with the exoge-

nous exergy destruction within component r and of exogenous
investment cost associated with component r, respectively.

The term related to the avoidable exogenous investment cost is

calculated for each component r separately via the unavoidable
SUN EX K

are caused by component £ and

exogenous investment cost caused by component k, Z,

AV EX k
#

UNEXk

=72 - ©)

Table 1 Assumptions for calculating the unavoidable invest-
ment cost of the plant components

Heat exchangers AT = 75-100°C
Pumps 85% of Z”a[
cc 80% of z’;’”’
Compressor 85% of Z’eal
GTI 90% of 7,
STs 90% o ““’
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The unavoidable exogenous part of the investment cost is calcu-
NEN

lated through the unavoidable endogenous cost, Z :

LUN EX k

JUN.EN,;+k  UNEN

Zr 4y _Zr‘ (10)
where,
P UN
SUNEN,+k  -UN.EN+k
ZD.)' = Ep, <_> (11)
Ep ,
EZ?’EN”’*" is the exergy rate of the product of component r, when

components 7 and k operate under real conditions and all remaining
components operate theoretically, i.e., without internal irreversibilities.

The unavoidable endogenous cost of exergy destruction is cal-
culated with Eq. (12).

- AV EX r+k 1 -AV.EX
Cp, T = Ey (12)

Here the EgV,EX is calculated in an advanced exergetic analysis
[6,17], similarly to the investment cost described above.

The total avoidable costs associated with exergy destruction
and investment expenditures reveal the most influential compo-
nents and pinpoint the necessary actions to improve the overall
system.

The Combined Cycle Power Plant

Process Description. The power plant examined in this paper
is a three-pressure-level combined cycle plant. It has only one
product — electricity — and works with natural gas that, for sim-
plicity reasons, was assumed to be pure methane. This plant has
been used in Ref. [21] as a reference for the comparison and simu-
lation of several power plants with CO, capture. The plant analy-
ses using advanced exergy-based methods are an important step in
the application of these newly developed methods to complex
plants. In future work, the results obtained from this application
will be compared to those obtained by plants with CO, capture.

The configuration of the power plant is shown in Fig. 1. High-
temperature flue gas (628 kg/s) exits the gas turbine (GT) of the

plant and is led into the heat-recovery steam generator (HRSG),
where it provides thermal energy to produce steam at three differ-
ent pressure levels, 124/22/4.1 bars. The combustion products
enter the HRSG with a pressure of 1.058 bars at 580 °C and are
rejected to the atmosphere at 1.013 bars and 95 °C. Selected ther-
modynamic variables from the simulation of the plant and a more
detailed description of the process can be found in Refs. [4,5]
where the results from conventional exergy-based analyses are
also presented. Improved design alternatives of the considered
plant, as indicated by the current exergy-based analyses, will be
investigated in the future.

Results and Discussion

Avoidable/Unavoidable Cost of Exergy Destruction, C/z)vk/

CD « The calculations used for splitting the cost of exergy

destruction, C D> are based on the group of Egs. (1) and (2). The
results are shown in Table 2. Aside from those of the expander of
the GT system and the high-pressure steam turbines (HPST) and
intermediate-pressure steam turbines (IPST), the larger part of the
Cp is unavoidable for the individual components of the plant. In
the combustion chamber (CC), the unavoidable cost of exergy
destruction is more than double the avoidable part. Furthermore,
almost 61% of the unavoidable cost is endogenous. For the CC,
although the avoidable part of the Cj, -~ is much lower than the
unavoidable part, its absolute value is significantly larger than that
of the remaining plant components.

The effect of components on the overall system is expressed by
the range of their absolute values of costs. The main part of the
avoidable cost of exergy destruction for the most influential com-
ponents (the components of the GT system and the LPST that
have the highest absolute values) is endogenous, i.e., it stems
from the operation of the components themselves.

Evaluating the sources of the cost of exergy destruction, the
overall plant can potentially be improved through improvement of
the CC, the expander, the LPST, and the compressor. A mean value
of 30% of the cost of exergy destruction caused by the GT system
and 25% of that caused by the LPST can be avoided through
changes in the operating conditions of the respective components.

The signs of the values presented in Table 2 and the following
Tables represent positive or negative component interactions, i.e.,

31 eemressseesecceeecceeeooooon
--------- &"' - : | Steam Turbine
[ (]' : - :
ompressor CC GT : 44 : H :
I&J Bt =l : :
3 Gas Turbine 1 L 43 I\|-| 46 '
'_"' """"" N’C """"""""""""" — lecccccccceadaaa-d - - —mmad
— HPHRSG HPST IPST |LPST r@ Tﬂ
42 $
. RH 50
——— : Air HPSH O
= = :Fluegas 30 8| 32| 45 Condenser  pymp
——— : Water/Steam — _o_ = 29
: Shaft Miver3 |11 0 é
- o
NG: Natural Gas mpEvap | Miver2 De-aerator Condensate pump
[ w9l
HP: High Pressure 1 12 Mixer1 20
IP: Intermediate Pressure LPP | 29| Feedwater 21
LP: Low Pressure 41 [y W3 pumps 33
I:Ilj HPECON 3
GT: Gas Turbine 40 37 HPP3g[124
CC: Combustion Chamber o gﬁ_é
ST: St Turbine | W L 4
SH: Superkenter | [PSH_|mevap|”[mecox P5°] LPEVAP Water P1119
EVAP:Evaporator 4 D_ _E{’? 16 . 18 A -
ECON :Economizer 'Eﬂ_ j‘ -
PHP;PTP 27 g
: Preheater
CT: Cooling Tower IP HRSG ﬂ LP, HRSC s
[~
Fig.1 Structure of the plant
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Table 2 Splitting the cost of exergy destruction, Cp x

AV -UN
Cos Cou

oAy Cox Chy Cox oy e Coi™ Coi™

[€/h] [€/h] [€/h] [€/h] [€/h] [€/h] [€/h] [€/h] [€/h]
Compressor 682.8 3759 306.9 417.0 265.8 188.9 118.1 228.2 147.7
cC 7,276.3 4,936.4 2,339.9 6,372.2 904.1 2,055.0 284.9 4,317.2 619.2
GT expander 1,127.9 427.8 700.0 746.2 381.6 402.5 297.5 343.7 84.1
HP ST 152.9 56.6 96.2 80.2 72.7 44.2 52.0 36.0 20.7
IP ST 157.4 67.5 89.9 85.9 71.4 38.6 51.3 47.3 20.2
LP ST 734.3 388.4 345.9 458.5 275.8 189.9 156.0 268.6 119.8
Cond. Pump 0.7 0.1 0.6 0.2 0.5 0.1 0.4 0.1 0.0
HP Pump 11.7 3.7 8.0 4.4 7.3 2.2 5.8 22 1.5
IP Pump 0.7 0.3 0.4 0.5 0.2 0.2 0.3 0.4 —-0.1
LP Pump 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0
Reheater 141.9 92.7 49.2 109.5 324 48.1 1.1 61.4 31.3
HPSH 184.5 136.8 47.7 98.4 86.1 26.7 21.0 71.7 65.1
HP Evap 205.3 168.4 36.9 110.6 94.7 8.8 28.1 101.8 66.6
HP Econ 220.5 149.8 70.7 123.7 96.8 27.2 43.4 96.4 53.4
IPSH 3.1 0.3 2.7 4.7 -1.7 4.1 —-14 0.6 -0.3
IP Evap 23.8 15.3 8.5 22.6 1.2 9.0 -0.5 13.6 1.7
IP Econ 10.2 6.6 3.6 8.9 1.4 —-0.8 4.4 9.7 -3.1
LPSH 21.0 8.8 12.2 9.9 11.1 6.6 5.5 3.2 5.6
LP Evap 195.4 164.2 31.2 93.1 102.3 1.6 29.6 91.5 72.7
LP Econ 208.5 107.7 100.8 121.1 87.4 45.0 559 76.1 31.6

they show whether improving the remaining components would
result in an improvement or a deterioration of the efficiency of the
component being considered. For example, a deterioration of the
efficiency of some components in the plant could lead to an
improvement of the IPSH (negative exogenous cost of exergy
destruction of the IPSH). This, however, does not mean that we
would need to decrease the efficiency of all remaining compo-
nents of the plant but only decrease the efficiency of the compo-
nents that influence the IPSH negatively (as this is partly shown in
Table 4). However, since the IPSH is not a significant component
of the plant, such an action should not be considered.

Avoidable/Unavoidable Investment Cost, ZﬁV/ZZN. The

. . . . UN
calculation of the unavoidable investment cost, Z, , of heat
exchangers involves additional simulations with new operating

conditions. The assumptions made to calculate this cost are shown
in Table 1. High temperature differences and pressure drops, as
well as low efficiencies, are used to estimate the lowest possible
investment cost. The design of steam turbines, pumps, and gas tur-
bine systems cannot be changed drastically; thus, most of their
investment cost is predetermined as unavoidable.

The results of splitting the investment costs, Z;, are presented
in Table 3. As already mentioned, for the components constituting
the GT system, the largest part of the investment cost is unavoid-

able <Z,i/N> . Moreover, for all components, with the exception of the

low-pressure superheater (LPSH) and the low-pressure pump, the
. . EN ..

larger part of the investment cost is endogenous (Zf ) In addition,

the differences between the endogenous and exogenous parts of
investment cost are very significant in some cases. For example,

Table 3 Splitting the investment cost

AV N
Z; 2

el Z-IL(IN Zu:v ZfN fo Zu:v,EN Z;w EX ZgN,EN ZI({/N,EX

[€/h] [€/h] [€/h] [€/h] [€/h] [€/h] [€/h] [€/h] [€/h]
Compressor 1,297.0 1,102.5 194.6 786.7 510.3 118.0 76.6 668.7 433.8
cc 926.5 741.2 185.3 810.3 116.1 162.1 23.2 648.3 92.9
GT expander 1,482.3 1,334.1 148.2 1,192.1 290.2 119.2 29.0 1,072.9 261.2
HP ST 165.6 149.0 16.6 105.3 60.3 10.5 6.0 94.7 543
IP ST 299.7 269.8 30.0 210.0 89.7 21.0 9.0 189.0 80.7
LP ST 696.3 626.7 69.6 481.4 214.9 48.1 21.5 433.3 193.4
Cond. Pump 6.7 5.7 1.0 5.2 1.5 0.8 0.2 4.5 1.3
HP Pump 38.2 324 5.7 22.5 15.6 34 2.3 19.2 13.3
1P Pump 7.3 6.2 1.1 9.3 -2.0 1.4 -0.3 7.9 -1.7
LP Pump 2.4 2.0 0.4 0.0 2.4 0.0 0.4 0.0 2.0
Reheater 105.4 49.9 55.5 69.8 35.6 36.7 18.7 33.1 16.9
HPSH 149.5 69.3 80.2 78.3 71.2 42.0 38.2 36.3 33.0
HP Evap 183.6 119.8 63.8 111.0 72.6 38.5 25.2 724 474
HP Econ 88.6 52.7 359 57.0 31.6 23.1 12.7 33.8 18.9
IPSH 3.8 1.3 2.5 6.8 -3.0 4.5 -2.0 2.3 -1.0
IP Evap 65.0 36.9 28.1 57.9 7.1 25.1 3.1 32.8 4.0
IP Econ 52 32 1.9 7.5 -24 2.8 -0.9 4.7 -1.5
LPSH 18.3 8.9 9.4 6.7 11.6 35 6.0 33 5.6
LP Evap 172.8 104.2 68.7 96.3 76.5 38.3 30.4 58.0 46.1
LP Econ 92.7 52.5 40.3 65.5 27.2 28.5 11.8 37.1 154
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Table 4 Source of the exogenous costs for selected components

In By: Compressor GT expander LPST GT generator MEXO

cc Cp«[€/M] 172.6 2934 110.5 71.6 105.4
7 [€/h] 21.6 37.3 14.1 9.1 -1.6

In ~ By: cC Compressor LPST GT generator

GT expander Cpi [€/h] 61.8 16.3 13.6 8.1 263.4
Zi [€/h] 142.9 37.7 21.8 12.9 45.6

In . By: cC GT expander LPST GT generator

Compressor Cpy [€/h] 196.3 17.7 6.7 4.8 31.2
Zi [€/h] 378.5 334 12.6 9.1 58.3

In ~ By: GT expander cc Compressor IPST

LPST Cpyx [€/h] 80.7 53.0 14.0 9.0 110.1
Zi [€/h] 84.7 55.6 14.7 9.5 40.8

. . EN .
in the CC, the endogenous investment cost, Zf, > 18 almost seven

. . SEX o
times higher than the exogenous part, Z,, ,, while in the expander,

ZLE)AZ is almost four times higher than Zf,xk For the compressor,
this difference is found to be much smaller, while its high 4 Dk
shows that it is greatly influenced by the remaining components of
the plant.

For all components, with the exception of the LPSH, most of

AV
the Zf is endogenous. For the compressor, the CC, and the
expander, the difference between the endogenous and exogenous

parts is relatively large. Additionally, the larger part of the Z',gN of
the components is also endogenous.

In summary, for the majority of the components the larger part
of investment cost is unavoidable, with the exception of some
heat exchangers. Additionally, most of the exogenous values are
relatively low, when compared to the endogenous values, showing
that component interactions are not as important as the internal
operation of the components. Specifically, 61%, 87%, and 80% of
the investment cost of the compressor, the CC, and the expander
of the GT system (the components with the highest investment
cost rates) can be avoided through operating changes in the com-
ponents themselves.

Splitting the Exogenous Costs, CZX,C and ZkEX. Although the
exogenous costs are of relatively low significance when compared
to the endogenous costs, their specific sources can reveal addi-
tional improvement potential for the overall plant. The compo-
nents with the highest costs, both investment-related and exergy
destruction-related, are the components of the GT system and the
LPST. The splitting of the exogenous costs for these four compo-
nents into their most important sources is shown in Table 4.

The main source of the exogenous costs for the compressor and
the expander is the CC, while for both the LPST and the CC, the
main contributor is the expander. The mexogenous (MEXO) cost
is the cost difference between the exogenous cost (shown in
Tables 2 and 3) and the sum of the split parts caused to each of
the remaining components (partly shown in Table 4) [15,17]. The
mexogenous values are associated with the interactions of the
component being considered simultaneously with more than one
of the remaining plant components. Thus, the mexogenous values
of exergy destruction and cost could be further split (calculated in

more detail) only through significant additional work, which is not
deemed to be of value here.

Total Avoidable Costs, > 7y C“;V,:k and >/ Zf‘ "* . The total
r#k ’ r#k

avoidable cost associated with component k is calculated as the
sum of its endogenous cost of exergy destruction or its investment
cost and the total cost of exergy destruction or investment cost
caused by this component to the remaining components (part of the
exogenous cost of exergy destruction or exogenous investment cost
of the other components). The results for the most influential compo-
nents of the plant are shown in Table 5. The avoidable exogenous

costs of component k are calculated using Eqgs. (9) and (12).

The effect of the CC on the remaining components is critical
because large values of the investment cost rate of the other com-
ponents stem from its operation. Although the avoidable endoge-
nous cost of the expander and the compressor are similar, the
avoidable exogenous cost of the expander is almost seven times
higher due to the high total exogenous cost caused by it to the
remaining components of the plant. For the compressor, the
LPST, and the expander 17-20% of their exogenous cost is avoid-
able, while almost 84% of the exogenous investment cost rate of
the CC is unavoidable. Nonetheless, the CC has both the highest
absolute avoidable endogenous and exogenous investment cost;
thus, it is shown to be the most important component. The LPST
has the lowest avoidable exogenous and endogenous investment
cost rates, resulting in an approximately three times lower total ex-
ogenous investment cost rate when compared to the compressor.

While the differences in the investment cost rates are kept at
relatively low levels, the differences in the exergy destruction-
related costs show large spreads among the different components.
The avoidable exogenous cost of exergy destruction of the ex-
pander and the CC are at similarly high levels. However, the sig-
nificantly larger endogenous avoidable cost of exergy destruction
for the CC results in a fourfold higher overall cost of exergy
destruction. The compressor follows the expander with approxi-
mately half of the overall cost. Comparing the compressor with
the LPST, both components have almost the same avoidable en-
dogenous cost of exergy destruction, but because the latter has a
lower avoidable influence on the remaining components, it results
in an approximately 8% lower overall avoidable cost.

Table 5 Total avoidable cost of exergy destruction and investment cost caused by component k (Eqgs. (7)—(8))

no, 3 noo, . AV LAV no, . n_, . LAV .

Component, kY. Coy16m1 S Cp 2 e ¢ em ¢y em s 27 em 2 rem 2™ em 27T 1em
2 = Zh Zh

cC 526.8 160.6 (7%) 2055.0 (93%) 2215.6 680.5 108.5 (40%) 162.1 (60%) 270.5

GT expander 542.5 150.4 (27%) 402.5 (73%) 552.9 327.3 67.1 (36%) 119.2 (64%) 186.3

Compressor 2249 76.9 (29%) 188.9 (71%) 265.8 100.5 17.8 (13%) 118.0 (87%) 135.6

LPST 140.2 54.4 (22%) 189.9 (78%) 244.3 59.0 10.0 (17%) 48.1 (83%) 58.1
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Conclusions

An advanced exergoeconomic analysis of a combined cycle
power plant has been presented in this paper. This analysis is con-
ducted using assumptions made by the analyst. Although the spe-
cific values obtained depend on these assumptions, the conclusions
extracted from the results are usually independent of them. With
the assumptions made here, the power plant shows some improve-
ment potential related to the avoidable investment cost and the
avoidable cost of exergy destruction. The most important compo-
nents with respect to the avoidable investment cost are the compres-
sor, the expander, and the combustion chamber. This ranking order
changes when the avoidable cost of exergy destruction is consid-
ered. In this case, the combustion chamber comes first, the ex-
pander second, the low-pressure steam turbine third, and the
compressor fourth. This priority change is due to the relatively large
exergy destruction within the combustion chamber compared to the
remaining components of the GT system and to the higher cost of
exergy destruction for the steam turbine compared to the
COMPIessor.

For the three most influential components of the plant, the larg-
est part of their investment cost rates is unavoidable. For the cost
of exergy destruction, the results are similar, since the largest
parts of the cost of exergy destruction of the combustion chamber
and the compressor are unavoidable. On the other hand, most of
the exergy destruction costs are avoidable for the expander. For
both the investment cost and the cost of exergy destruction, the
interactions of the components, represented by the exogenous part
of the costs, are of lower importance, since for the majority of the
components, the endogenous part of the costs is significantly larger.

To examine the overall significance of the different plant com-
ponents, the total avoidable cost of exergy destruction and invest-
ment cost have been calculated at the component level. The
improvement priority of the components based on both the cost of
exergy destruction and the investment cost is: (1) the combustion
chamber, (2) the expander, (3) the compressor, and (4) the low-
pressure steam turbine. For all four components, the main source
of the avoidable costs is the internal operating conditions of the
components themselves (endogenous). Nonetheless, for the com-
bustion chamber and the expander, the difference between the en-
dogenous and exogenous parts is relatively low. In the case of the
cost of exergy destruction, the avoidable endogenous values of the
considered components are always higher than their avoidable
exogenous values.

Summarizing the recommendations for improvement, efforts
should focus on internal improvements for the most important
components identified above. Changes in the endogenous values
will most probably affect the overall efficiency and costs posi-
tively, through the component interactions (shown through the
exogenous parts). Thus, improvements at the component level
will lead to an enhanced improvement of the overall plant.

The application of a novel advanced exergoeconomic analysis
to a combined cycle power plant presented is one of the first com-
plete applications of this analysis to a complex power plant. The
purpose of this application is to validate the methodology and to
demonstrate its advantages (the additional information that is
obtained) that usually justify the additional work necessary for
applying this novel approach. Most of the results obtained by
advanced exergy-based analyses cannot be obtained by any other
approaches. Conventional and advanced methods might coincide
in assigning the priority improvement of some components, but in
advanced methods, (1) the effects of component interactions are
revealed, and (2) while the improvement priority of conventional
methods is based on the total amount of exergy destruction/cost/
environmental impact, here it is based strictly on the avoidable
part of these values. The magnitude of the two (total and avoid-
able values) can differ significantly in some cases. Additionally, it
should be emphasized that to improve a system successfully, its
component interactions must be considered together with their
avoidable exergy destruction, cost, or environmental impact.
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Acknowledgment

This research was funded by the European Commission’s Marie
Curie 6th Framework Programme as part of the MRTN CT-2005-
019296 — INSPIRE.

Nomenclature
¢ = cost per unit of exergy (€/GJ)
C = cost rate associated with an exergy stream, (€/h)
E = exergy rate (MW)
Z = cost rate associated with capital investment (€/h)

Subscripts

D = exergy destruction
F = fuel (exergy)

P = product (exergy)
k = component

L = loss

Superscripts

AV = avoidable
AV,EN = avoidable endogenous
AV,EX = avoidable exogenous
UN = unavoidable
UN,EN = unavoidable endogenous
UN,EX = unavoidable exogenous

Greek Symbols

& = exergetic efficiency (%)

Abbreviations

EVAP = evaporator
ECON = economizer
GT = gas turbine
HP = high pressure
HRSG = heat recovery steam generator
IP = intermediate pressure
LP = low pressure
SH = superheater
ST = steam turbine
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