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Study Case: Cogeneration SystemStudy Case: Cogeneration System
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Economic AnalysisEconomic Analysis

Purchased-equipment costs for each component in the base-
case design are obtained from the cost equations.

The remaining direct costs , as well as the indirect costs , are 
estimated using average factors. The total capital investment of
the cogeneration system in the base case is estimat ed at 
approximately 46 million mid-1994 dollars .

The parameters and assumptions used in the economic  analysis, 
which is based on the revenue-requirement method.

The year-by-year economic analysis results in the l evelized
annual costs for fuel ($10.4x106), operating and maintenance 
($5.9x106) and carrying charges ($10.5x106) for a levelization time 
period of 10 years . 
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Capital Investment CostCapital Investment Cost

h/$68ZCC ====&h/$753Z AC ====&

h/$753ZGT ====&

h/$189Z APH ====&

h/$264ZHRSG ====&
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Thermodynamic AnalysisThermodynamic Analysis

The objective is to identify the effects of the des ign variables
on the costs and suggest values of the design varia bles that 
would make the system more cost effective. The key design 
variables - the decision variables - for the cogeneration 
system are

• the compressor pressure ratio p2 / p1

• the isentropic compressor efficiency ηAC

• the isentropic turbine efficiency ηGT

• the temperature of the air 
entering the combustion chamber T3

• the temperature of the combustion products 
entering the gas turbine T4
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Thermodynamic DataThermodynamic Data
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K850T3 ====10p/p 21 ====

86.0GT ====ηηηη

86.0AC ====ηηηη
K1520T4 ====
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Exergoeconomic Analysis: AC and GTExergoeconomic Analysis: AC and GT
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(((( )))) (((( )))) APH,D6523 EEEEE &&&&& −−−−−−−−====−−−−

Exergoeconomic Analysis: APH and CCExergoeconomic Analysis: APH and CC
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Exergoeconomic Analysis: HRSGExergoeconomic Analysis: HRSG
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Mass flow rate, temperature, pressure, exergy rate,  and cost data for the streams

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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Values of the purchased-equipment costs (PEC) and the  exergoeconomic variables

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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The Combustion Chamber , the Gas Turbine , and the 

Air Compressor have the highest values of the sum 

(Zk + CD,k) and are, therefore, the most important 

components from the thermoeconomic viewpoint.

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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The low value of the variable fCC (6.1 %) shows 
that the costs associated with the CC are 
almost exclusively due to exergy destruction.

A part of the exergy destruction in a CC can 
be avoided by APH the reactants and by 
reducing the heat loss and the excess air, but 
this usually leads only to a small reduction in 
the exergy destruction.

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case

By considering measures for reducing the high cost 
rate associated with the exergy destruction in the CC, 
two key design variables have been identified, temp e-
ratures T3 and T4. An increase in these temperatures 
reduces the value of CD,CC and other components but 
increases their capital investment costs.

APH
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The excess air is determined by the desired 
temperature T4, at the inlet to the gas turbine. 
The temperature T4 is a key design variable for 
it affects both the performance of the entire 
system (exergy destruction in the CC, GT, 
APH, and HRSG, and exergy loss associated 
with stream 7) and the investment costs of the 
components.

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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An increase in the heat transfer rate in the APH 
achieved through an increase in T3 also results 
in a decrease of the exergy destruction in the 
CC. Thus, the temperature T3 is also a key 
design variable because, in addition to the CC, 
it affects the exergy loss associated with 
stream 7 as well as the performance and 
investment costs of the APH and the HRSG. 
The higher the T3 the smaller the average 
temperature difference in the APH and the 
HRSG. A decrease in the average temperature 
difference in APH and HRSG results in an 
increase in both the exergetic efficiency and 
the capital investment for APH and HRSG.

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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The GT has the second highest value of the 
sum ( ZGT+CD,GT) the relatively large value of 
factor f suggests that the capital investment 
and O&M costs dominate. The capital 
investment costs of the GT depend on 
temperature T4, pressure ratio p2/p1, and 
isentropic efficiency ηGT. To reduce the high 
value of ZGT, we should consider a reduction 
in the value of at least one of these variables.

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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The AC has the highest f value and the 
second highest relative cost difference r
among all components. Thus, we would 
expect the cost effectiveness of the entire 
system to improve if the value of ZAC is 
reduced. This may be achieved by reducing 
the pressure ratio p2/p1 and/or the isentropic 
compressor efficiency ηAC.

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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Thus, we might conclude that a decrease of ED,HRSG
could be cost effective for the entire system even 
if this would increase the investment costs 
associated with HRSG. The value of ED,HRSG can be 
reduced by decreasing the values of T6 and T7. A 
decrease in the value of T7 also results in a 
decrease in the EL,tot. In terms of the decision 
variables, temperatures T6, and T7 may be reduced 
by increasing T5 and/or decreasing T4 at fixed 
values of the remaining decision variables.

The HRSG has the lowest value of  εHRSG and the 
highest value of rHRSG among all the components. 
As the fHRSG value indicates, almost 45% of the 
relative cost difference is caused by the ZHRSG
value, with the remaining 55% caused by ED,HRSG.

APH

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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The relatively high value of fAPH suggests a 
reduction in the investment costs of this 
component. This can be achieved by 
decreasing T3.
It should be noted, however, that changes 
suggested by the evaluation of APH should 
only be considered if they do not contradict 
changes suggested by components with a 
larger value of ( ZAPH+CD,APH).

Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case
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Exergoeconomic Analysis Exergoeconomic Analysis –– Base CaseBase Case

The following changes in the design 
variables are expected to improve the cost 
effectiveness of the system:

•••• Increase the value of T3 as suggested by 
the evaluation of the CC and HRSG.

•••• Decrease the pressure ratio p1/p2 (and thus 
p4/p5) and the isentropic efficiencies ηAC and 
ηGT, as suggested by the evaluation of the 
AC and GT.
•••• Maintain T4 fixed, since we get 
contradictory indications from the 
evaluations of the CC on one side and the 
GT and HRSG on the other side.

APH
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Thermodynamic Data: First IterationThermodynamic Data: First Iteration

K850T3 ====10p/p 21 ==== 86.0GT ====ηηηη86.0ACT ====ηηηη K1520T4 ====

9p/p 21 ==== 85.0ACT ====ηηηη 85.0GT ====ηηηη K870T3 ==== K1520T4 ====

Base Case

First iteration
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Exergoeconomic Analysis Exergoeconomic Analysis –– First IterationFirst Iteration

The Combustion Chamber , the Gas Turbine , and the Air 
Compressor have the highest values of the sum ( Zk + CD,k) and are 
still the most important components from the thermo economic viewpoint.



23

Institute for
Energy 
Engineering

G. Tsatsaronis • TU Berlin
1st Inspire Workshop • Nova Gorica, Slovenija • June 5-8, 2007 

Exergoeconomic Analysis Exergoeconomic Analysis –– First IterationFirst Iteration

The high cost rate associated with the CC can be reduced by increasing the 
values of T3 and T4. In the evaluation of the cogeneration system we s hould, 
however, consider that the value of ( ZCC+CD,CC) will always be the highest among 
all values for the components of the cogeneration s ystem.
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The GT now has the highest f value. The reduction in this value from 82.7% in th e 
base design to 81.0% in the new design is relativel y small. This observation 
suggests:

(a) a significant decrease in the values of ηGT and/or p2/p1 - that is, a decrease that 
is greater than the decrease in these variables in the previous step: from 86% to 
85·% and from 10 to 9, respectively, and

(b) a reduction in the values of T4. Note that the decrease in T4 value contradicts 
the corresponding suggestion from the combustion ch amber.

Institute for
Energy 
Engineering

Exergoeconomic Analysis Exergoeconomic Analysis –– First IterationFirst Iteration



25

G. Tsatsaronis • TU Berlin
1st Inspire Workshop • Nova Gorica, Slovenija • June 5-8, 2007 

AC: The high values of fAC and the relative cost difference rAC suggest a decrease 
in the values of the decision variables p2/p1 and ηAC.

APH: The relatively high value of fAPH suggests a reduction in the T3 value. As 
noted in the first iteration, however, changes sugg ested by the evaluation of APH 
should only be considered if they do not contradict  changes suggested by 
components with a higher value of the sum ( ZAPH+CD,APH).

Institute for
Energy 
Engineering

Exergoeconomic Analysis Exergoeconomic Analysis –– First IterationFirst Iteration
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The anticipated increase in the exergetic efficienc y of the HRSG (comparing with 
the Base Case) was not realized because of the inte rdependence of the 
components: The reduction in the values of p2/p1, ηGT and ηAC leads to an increase 
in the temperature differences (and therefore a dec rease in the exergetic 
efficiency) of the HRSG. Thus, the HRSG thermoecono mic evaluation suggests 
that the T3 value increases and the T4 value decreases.

Institute for
Energy 
Engineering

Exergoeconomic Analysis Exergoeconomic Analysis –– First IterationsFirst Iterations
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APH

•••• Increase the value of T3 as suggested by
the evaluation of the CC and HRSG.

•••• Decrease the values of p1/p2 , ηAC and ηGT,
as suggested by the evaluation
of the AC and GT.

•••• Maintain T4 fixed, since we get contradic-
tory indications from the evaluations of
the CC, GT and HRSG.

Summarizing the foregoing conclusions, 
the following changes in the design 
variables are expected to improve the cost 
effectiveness of the system:

Exergoeconomic Analysis Exergoeconomic Analysis –– First IterationsFirst Iterations
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Thermodynamic Data: Second IterationThermodynamic Data: Second Iteration

K850T3 ====10p/p 21 ==== 86.0GT ====ηηηη86.0AC ====ηηηη K1520T4 ====

9p/p 21 ==== 85.0AC ====ηηηη 85.0GT ====ηηηη K870T3 ==== K1520T4 ====

Base Case

First iteration

7p/p 21 ==== 83.0AC ====ηηηη 83.0GT ====ηηηη K910T3 ==== K1480T4 ====

Second iteration
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Exergoeconomic Analysis Exergoeconomic Analysis –– Second IterationsSecond Iterations
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Thermodynamic Data: Additional IterationsThermodynamic Data: Additional Iterations

K850T3 ====10p/p 21 ==== 86.0GT ====ηηηη86.0AC ====ηηηη K1520T4 ====

9p/p 21 ==== 85.0AC ====ηηηη 85.0GT ====ηηηη K870T3 ==== K1520T4 ====

Base Case 

First iteration

7p/p 21 ==== 83.0AC ====ηηηη 83.0GT ====ηηηη K910T3 ==== K1480T4 ====

Second iteration

77.5p/p 21 ==== 845.0AC ====ηηηη 83.0GT ====ηηηη K910T3 ==== K1463T4 ====

Additional iterations
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Exergoeconomic Analysis: Additional IterationsExergoeconomic Analysis: Additional Iterations

77.5p/p 21 ====

845.0AC ====ηηηη 83.0GT ====ηηηη

K910T3 ====

K1463T4 ====

7.49T pinch
HRSG ====∆∆∆∆

CC
For the overall plant 
(Additional iterations):
εtot=45%
CP,tot=$2870/h
CL,tot=C7=$205/h

For the overall plant 
(Base Case):
εtot=50.4%
CP,tot=$3617/h
CL,tot=C7=$145/h.
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Splitting the exergy destruction and the investment  cost 

into unavoidable and avoidable parts within the k-th

component  provides a realistic measure of the pote ntial 

for improving the thermodynamic efficiency as well as of 

the economic effectiveness of a component.

Advanced Exergoeconomic AnalysisAdvanced Exergoeconomic Analysis

AV
k,D

UN
k,Dk,D EEE &&& ++++====

AV
k

UN
kk ZZZ &&& ++++====
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Advanced Exergoeconomic AnalysisAdvanced Exergoeconomic Analysis

The exergy destruction rate that cannot be reduced due 

to technological limitations such as availability a nd 

cost of materials and manufacturing methods is the 

unavoidable (UN) part of the exergy destruction.

The avoidable (AV) part of the exergy destruction within 

a component can be avoided by improving the 

component. 
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The unavoidable investment cost (          ) for a component 
can be calculated by assuming an extremely ineffici ent 
version of this component.

To adjust for different component sizes, we calcula te for 
each component the unavoidable cost per unit of exe rgy of 

the product               .

The avoidable investment cost is the difference bet ween 
total investment cost and unavoidable investment co st for 
the component being considered:                                .

UN
kZ&

UN

kP

k

E
Z









&

&

UN
k,Dk

AV
k,D ZZZ &&& −−−−====

Advanced Exergoeconomic AnalysisAdvanced Exergoeconomic Analysis



35

Institute for
Energy 
Engineering

G. Tsatsaronis • TU Berlin
1st Inspire Workshop • Nova Gorica, Slovenija • June 5-8, 2007 

Advanced Exergoeconomic AnalysisAdvanced Exergoeconomic Analysis
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Thermodynamic DataThermodynamic Data

AC GT

CC

APH

HRSG

UN Exergy destruction:

T10=811K (fuel)
T2=1000 K
T3=1773 K,
adiabatic combustion

UN Investment cost:

T10=298K (fuel),
ambient pressure for the CC process
T3= 1273K

APH
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Thermodynamic DataThermodynamic Data

AC GT

CC

APH

HRSG

UN Exergy destruction:

UN Investment cost:

92.0GT ====ηηηη

K1273T,10p/p,70.0 412GT ============ηηηη
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Thermodynamic DataThermodynamic Data

AC GT

CC

APH

HRSG

UN Exergy destruction:

UN Investment cost:

90.0AC ====ηηηη

70.0AC ====ηηηη
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Thermodynamic DataThermodynamic Data

AC GT

CC

APH

HRSG

UN Exergy destruction:

UN Investment cost:

10T pinch
HRSG ====

K1270T6 ====
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Thermodynamic DataThermodynamic Data

AC GT

CC

APH

HRSG

UN Exergy destruction:

UN Investment cost:

10T pinch
APH ====

K1773T,K700T

,10p/p,70.0,90.0

53

12GTAC

========
============ ηηηηηηηη
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Advanced Exergoeconomic AnalysisAdvanced Exergoeconomic Analysis
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Advanced Exergoeconomic AnalysisAdvanced Exergoeconomic Analysis


