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Abstract

To evaluate the thermodynamic performance and cost effectiveness of thermal systems and to estimate
the potential for improvements, it is always useful to know (a) the avoidable part of an exergy destruction
and (b) the avoidable investment cost associated with a system component. Improvement efforts should
then focus only on these avoidable parts.

Using a cogeneration system as an example, this paper discusses how to estimate the avoidable and
unavoidable exergy destruction and investment costs associated with compressors, turbines, heat ex-
changers and combustion chambers. This general procedure, although based on many subjective decisions,
facilitates and improves applications of exergoeconomics. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

An appropriately defined exergetic efficiency ¢ is the best variable for evaluating the perfor-
mance of a thermal system and its components from the thermodynamic viewpoint [1,2]:
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Nomenclature

c cost per unit of exergy ($/GJ)

C cost rate associated with exergy ($/h)
E exergy rate (MW)

T temperature (K)

Z cost rate associated with capital investment ($/h)
Greek symbol

g exergetic efficiency

Subscripts

ac air compressor

aph  air preheater

cc combustion chamber

D destruction

F fuel

hrsg  heat-recovery steam generator

k component

L loss

P product

0 ambient conditions

Superscripts

AV  avoidable

F contribution of fuel cost

UN  unavoidable

V4 contribution of capital investment

Here Ep, Er, Ep and Ey are the exergy values associated with the product, the fuel, the exergy
destruction and the exergy loss of the system being considered. The sum of exergy destruction
within the system and exergy loss (exergy transport to the surroundings) represents the thermo-
dynamic inefficiencies associated with the system. The exergetic efficiency, however, cannot be
used to compare the performance of dissimilar systems or components (e.g., a heat exchanger, a
turbine, or a combustion chamber). In addition, in each component only a part of the thermo-
dynamic inefficiencies can be avoided whereas the remaining part cannot. Improvement efforts
should be centered on the inefficiencies that can be avoided. Thus, we need to develop approaches
for estimating the avoidable part of the thermodynamic inefficiencies.

In dealing with the inefficiencies associated with a component, we should recognize that the
exergies of all material streams exiting a component are considered either at the product side or
(with a negative sign) at the fuel side [3]. Thus the only exergy loss in a component is associated
with the transfer of thermal exergy to the environment (heat loss). When the boundaries for the
component analysis are drawn at the ambient temperature (7;), the exergy loss is zero and the
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thermodynamic inefficiencies consist exclusively of exergy destruction. Exergy losses may in this
case be associated only with an overall system but not with any of its components. Since the
following discussion refers only to components, exergy losses are not further considered in this
paper.

The concepts of efficiency and costing used in the analysis of thermal systems are closely related
to each other. For example, the auxiliary costing equations used in exergoeconomics must be
consistent with the definition of efficiency for the respective components [3].

One of the most interesting features of exergoeconomics is that the exergy destruction cost
associated with a component is calculated and compared with the investment cost of the same
component, to decide about the design changes that might improve its cost effectiveness. When
dealing with avoidable exergy destruction and the associated cost, it is appropriate to compare the
latter with the avoidable investment cost. The definitions of the avoidable costs associated with
exergy destruction and investment are discussed next. For simplicity, only steady-state processes
are considered in the following discussion.

2. General definition of avoidable exergy destruction and avoidable cost

The exergy destruction rate Ep associated with the kth component of a thermal system consists
of one avoidable (superscript AV) and another unavoidable (superscript UN) part

Epy = EAY + B (2)

A modified exergetic efficiency ¢; that focuses on avoidable exergy destruction within the kth
component may be defined as

; HAV
Epy - Ep

= . . UN e - . 0 UN
EF,k - ED,k EF,k - ED,k

*

&

(3)

The first question that arises is how to define the unavoidable part of the exergy destruction. To
answer this question we must consider the relation between investment cost and exergy de-
struction (or efficiency) shown in Fig. 1. This figure presents the relation between investment cost
per unit of product exergy (Z;/Ep,) and exergy destruction per unit of product exergy (Ep/Epy).
The last ratio is equal to (1 — &)/¢; with the efficiency defined as

E E
o=t =12k (4)
Er Erj
From the cost balance formulated for the kth component we obtain for the cost per unit of
product exergy

CF,kERk +Z
Crp = — E = Cg.k + Clz’,k (5)
Pk
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Fig. 1. Expected relationship between investment cost and exergy destruction (or exergetic efficiency) for the kUth
component of a thermal system. The figure show% IEhe definition of specific unavoidable exergy destruction (ED /Ep)
and specific unavoidable investment cost (Z /Ep) . The term specific means here per unit of product exergy.

with
E c
F Fk Fk
Cp, = Cpp—r = —> 6
S (6)
and
Z
c%,k = EPk (7)

Here cg 1s the cost per exergy unit associated with the fuel of the kth component. Eq. (5)
reveals the real cost sources associated with the kth component, that is the fuel cost (cf,) and the
investment cost (c%,). The operating and maintenance costs are assumed to be constant and in-
dependent of the selection of the design point for the component being considered.

The shaded area in Fig. 1 illustrates the range of variation of the investment cost due to un-
certainty and to multiple technical design solutions that might be available. As this figure shows,
the investment cost per unit of product exergy (c§,) increases with decreasing exergy destruction
per unit of product exergy or with increasing efficiency. This is the normal cost behavior exhibited
by most components. The components that exhibit a decrease of (c¢j,) with increasing efficiency
(see for example, the recent developments in the gas turbine systems) do not need to be considered
in an exergoeconomic evaluation since for these components no optimization dilemma exists:
Among all available solutions we should use the most efficient component that has both the lowest
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specific fuel expenses Cg,k and the lowest specific investment cost ¢4, and, thus, the minimum cp
value. '

Due to technological limitations imposed, for example, by the availability and/or costs of
materials and manufacturing methods, a maximum value of the exergetic efficiency of the kth
component cannot be exceeded regardless of the amount of investment. This efficiency is obtained
at the point where the investment cost becomes extremely large, mathematically speaking 1nﬁn1te
This point determines the unavoidable exergy destruction per unit of product exergy (ED /Ep)
as shown in Fig. 1. In practical applications this term is determined by appropriately selecting the
most important thermodynamic parameters of the kth component to obtain its maximum
achievable efficiency. It is apparent that this procedure is associated with more or less arbitrary
decisions.

Similarly, the unavoidable investment costs per unit of product exergy (Z /EP)EN are obtained
by considering an extremely inefficient version of the kth component, that is a version that would
never be realized in practice because of the very high fuel costs (cj k) associated with it. In
practical applications the term (Z /EP)UN is determined by arbitrarily selectlng a set of thermo-
dynamic parameters for this component that lead to a very inefficient solution and by estimating
the investment costs for this solution. From the above discussion it is apparent that we do not
need to know the curve shown in Fig. | in order to estimate the terms (Ep /Ep) and (Z /Ep)
For this purpose it is sufficient to know the values of the thermodynamic parameters and in-
vestment costs for the two extreme design solutions.

After the terms (Ep /Ep)UN and (Z /EP)EN have been estimated, the unavoidable exergy de-
struction rate (Egﬁj ») and the cost rates associated with the unavoidable exergy destruction
(CSY ) and the unavoidable investment cost (Z{}) at a given design point A (Fig. 1) are obtained
from the following equations:

UN

) o

CgkA—CFkEDkA 9)
.\ UN

zA_EPkA<EZP> (10)

Then the avoidable costs are calculated by subtracting the unavoidable cost rates from the
respective total cost rates:

CDkA = CD-,k.,A - Cg,]:,A (11a)
or

Cg\lch_chEDkA (11b)
and

ZN = Zia — 220 (12)
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The advantages of dealing with avoidable exergy destruction and avoidable costs are many: the
sum of avoidable cost rates (C3Y, 5 + ZQX) characterizes much better the potential for reducing the
costs associated with the kth component in the design point A than the sum (CD,k,A +Zia) of
the total cost rates used until now (see, for example, [4,5]). Similarly the modified exergetic effi-
ciency ¢; (Eq. (3)) based on avoidable exergy destruction characterizes the potential for ex-
ergy savings associated with the kth component better than the efficiency ¢, (Eq. (4)). In addition,
the performance of dissimilar components may be compared using the modified exergetic effi-
ciency .

3. Application to a cogeneration system

The concept of avoidable exergy destruction and avoidable costs was applied to the cogener-
ation system used by many researchers in the past (for example, [4-6]). This system is shown in
Fig. 2. All results reported here were obtained using the same input data for the base-case design
and the same assumptions for its exergetic, economic and exergoeconomic analysis as in [4]. The
reader should consider that not all data assumed for this system are realistic. The investment costs
have been artificially increased in this reference to demonstrate the application of the exergo-
economic methodology to a variety of components. In addition, the optimization of an actual
cogeneration system would be significantly easier than the presentation in Ref. [4] because the
components of a gas turbine system would not be optimized individually, as done here. The
additional assumptions made here to calculate the unavoidable costs are discussed next for each
component.

Saturated Vapor

Feedwater 20 bar, 14 kg/s
gl QT
Air Preheater
TN
A Natural Gas
Heat-Recovery 10 .
Steam Generator Combustion
Chamber
e
Y
. / Net Power
- 11 Power to Air Compressor 12 ~ 30 MW
T Air Compressor Gas Turbine\
1

Air

Fig. 2. Cogeneration system.
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3.1. Air compressor (ac)

The equations given in Appendix B of Ref. [4] show that the purchased-equipment cost of the
compressor becomes infinite when its isentropic efficiency is 90%. Using this value of the isen-
tropic efficiency we calculate

E UN
(.—D) —0.054
EP ac

~In the base-case design of the air compressor it is Epvac = 27.54 MW, ED,aC =2.12 MW,
Zy. = $753/h, and ¢, = $18.76/GJ [4]. Thus, we calculate using Egs. (2),(8),(9) and (11b):

. . E UN
EN — o (22 =27.54 x 0.054 = 1.49 MW
D,ac , E

P/ ac

Cg}:c — CF,acEg,I:c = 18.76 x 1.49 x 3.6 = $100/h
ESXC = ED,ac - Eg,l:c =212-149=0.63 MW
CS,\:\C _ CF,acES:,ic =18.76 x 0.63 x 3.6 = $43/h

The term (Z /Ep):iN is calculated from the cost functions of Appendix B in [4] using an isen-
tropic efficiency of 70% for the air compressor: $3.62/MWh. Then for the base-case design of the
air compressor we obtain using Egs. (10) and (12):

. UN
. . V4
ZN = Ep . <E—> = 27.54 x 3.62 = $100/h

P
ac

7N = Z.. — Z9N =753 — 100 = $653/h

ZAV 4 CAY = 653 + 43 = $696/h

3.2. Air preheater (aph)

~ In the base-case design of the air preheater we have Epvaph = 14.40 MW, EDvaph =2.63 MW,
Zyph = $189/h, and cgapn = $14.51/GJ [4]. To calculate the unavoidable exergy destruction for
this gas—air heat exchanger we assume a minimum temperature difference of 10 K. Then we obtain

E UN
(.—D> =0.0164
Ep
aph

. UN
. . E
EN = Epapn (E—D) = 14.51 x 0.0164 = 0.24 MW

P aph

ERYon = Epapn — Eply, = 2.63 —0.24 =239 MW

D,aph



Table 1

Calculation of avoidable cost rates for the cogeneration system
Component EP./( ED_k CF k Zk ($/h) (ED/EP)EN Eglz ES‘; CS\]/c (Z/EP)IICJN ZEN Z,‘?V Z,‘?V + C;}V
k) MW)  MW)  (3/G)) ($/'MW) MW)  (MW) ($/h) ($/'MW) ($/h) ($/h) ($/h)
Air com- 27.54 2.12 18.76 753 0.054 1.49 0.63 43 3.62 100 652 696
pressor
Air pre- 14.40 2.63 14.51 189 0.0164 024 239 125 5.50 79 110 235
heater
Combustion 59.52 25.84 4.57* 68 0.267 15.89 9.95 164 0.126 7 61 225
chamber
Gas turbine  59.66 3.01 14.51 753 0.027 1.61 1.40 73 1.92 115 638 711
Heat-recov- 12.75 6.23 14.51 264 0.345 4.40 1.83 96 5.46 70 194 290
ery steam
generator

The data in the first four columns were taken from the base-case design of the cogeneration system discussed by Bejan et al. [4].

#The value cg.. = $4.57/GJ is obtained when the exergetic efficiency of the combustion chamber is defined as ¢ = (E4 - E3) JE .

99¢C1
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Covon = CrapnEpupn = 14.51 x 2.39 x 3.6 = §125/h

The unavoidable investment costs are calculated by assuming a low value for 7, (achieved
through an air-compressor isentropic efficiency of 90% and a pressure ratio of 10), a low value for
T3 (700 K)), and a high value for 75 (achieved through a high value of the gas-turbine inlet
temperature (1773 K) and an isentropic efficiency of 70% for the gas turbine:

Z UN
(.-) = $5.50/MWh
E

P aph

Thus,

. UN
. . YA
29N = B (E—> — 14.40 x 5.50 = $79/h

aph
P aph

ZA = Zow — Z9N = 189 — 79 = $110/h

aph — aph -
Zhy + CpYoy = $235/h

The results are summarized in Table 1.

3.3. Combustion chamber (cc)

The ratio (ED /EP)SCN is estimated for this component by assuming high temperatures of the
reactants (811 K for fuel and 1000 K for air), a high outlet temperature (1773 K), and adiabatic
combustion. With the aid of the cost function given in [4] we calculate

E UN
(.—D> =0.267
Ep

CcC
: . /2, \UN . . .
To estimate the ratio (Z /Ep)CC we assume ambient temperatures at the inlet, ambient pressure
in the combustion chamber and a low temperature at the outlet (1273 K), then we calculate with

the aid of the cost function

Z UN
(.-) =0.126
EP cC

The remaining variables calculated as in the previous two components are presented in Table 1.

3.4. Gas turbine (gt)

The unavoidable exergy destruction is estimated assuming an isentropic efficiency of 92% for
the gas turbine since at this value the purchased-equipment cost of the turbine according to the
costing-equations model considered in [4] becomes infinite
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E UN
(.—D> =0.027
Ep
at

The unavoidable investment costs for the gas turbine are obtained by assuming an isentropic
efficiency of 70%, a pressure ratio of 10, and a low inlet temperature of 1273 K

Z UN
Ep
gt

The remaining variables are shown in Table 1.

3.5. Heat-recovery steam generator (hrsg)

Assuming a minimum temperature difference of 10 K for this component we calculate

E UN
-0 = 0.345
EP hrsg

The unavoidable investment costs are estimated by assuming a very high temperature (1270 K)
of the combustion gas into this component

Z UN
Ep
hrsg

The remaining variables for the heat-recovery steam generator are presented in Table 1.

4. Discussion and closure

Table 2 compares the sum (Zk + CD,k) with the sum (ZAY + C4Y) for each component of the
cogeneration system. The latter gives a more realistic picture of the potential to achieve cost
savings in the kth component and of the components that need to be improved first. Based on the
assumptions made here, the percentage of total costs that could theoretically be avoided in today’s
technological and economic environment for each component of the cogeneration system is be-
tween 45% and 79%. Consideration of the avoidable costs emphasizes the need to improve the
cost effectiveness of the gas turbine and the air compressor and, compared with the case where
total costs are considered, reduces the economic importance of the heat-recovery steam generator
and the combustion chamber.

In addition to the exergoeconomic factor f; defined by

Z

fi=
T 7+ oy

(13)
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Table 2
Comparison of total and avoidable cost rates and of the respective exergoeconomic factors f; and f;" associated with the
components of the cogeneration system

Component (k) Zi + Cpy ($/h) 2+ GRSy (Y CRY)/ K@) )
(Zk + CD,/() (0/0)

Air compressor 896 696 71.7 84 94
Air preheater 326 235 72.1 58 47
Combustion chamber 493 225 45.6 14 27
Gas turbine 910 711 78.1 83 90
Heat-recovery steam 590 290 49.1 45 67
generator

a modified exergoeconomic factor f;” based on avoidable costs can be defined through
ZN

. S— 14
ey (14)

The factor f; indicates the contribution of investment cost on the total cost (Zk + C'D,k) asso-
ciated with the kth component. The factor f;" shows the contribution of the avoidable investment
cost on the total avoidable cost (Z2V + CSX) associated with the kth component. A comparison of
the factors f; and f; in Table 2 shows that the factor f; emphasizes the need to reduce the in-
vestment costs associated with the air compressor, gas turbine, and heat-recovery steam gene-
rator. For the air compressor, for example the f factor shows that 84% of the total costs associated
with this component are due to investment cost. The f* factor demonstrates that 94% of the total
avoidable costs associated with the air compressor are investment costs. Thus, an improvement of
the cost effectiveness of the air compressor can be achieved by reducing the investment cost for
this component. The use of f* instead of f increases the certainty with which this conclusion is
obtained. All these indications are reasonable and assist the designer in the iterative cost mini-
mization process better than the indications obtained by f;.

In the exergetic analysis, the avoidable exergy destruction gives a realistic picture of the po-
tential for improving the thermodynamic effectiveness of each component. The additional ad-
vantage is that the modified exergetic efficiency &* calculated for dissimilar components may be
used not only to evaluate each component separately, but also to compare the thermodynamic
performance of dissimilar components assuming a ‘“‘correct” assessment of EBN for each com-
ponent involved in the comparison.

The calculation of avoidable exergy destruction and avoidable investment costs is associated
with arbitrary decisions that reflect the maximal and minimal efficiency that can be achieved for
the component being considered in today’s technological and economic environment. In the
authors’ opinion, this arbitrariness must be accepted, in order for engineers to improve their
understanding of the potential for improvements. The decisions required to calculate the un-
avoidable exergy destruction and costs, if made prudently, should not significantly affect the
conclusions to be drawn from this analysis. However, additional studies involving more complex
systems are needed to confirm this claim. Current work at the Institute for Energy Engineering in
Berlin focusses on the thermodynamic parameters that should be used to calculate the avoidable
costs for each type of system component.
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