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ABSTRACT 
 

The conventional approach followed in the evaluation of Rankine Powered 
Vapour Compression Refrigeration System using the first law of thermodynamics is 
proposed to be substituted by analyzing it from the viewpoint of second law of 
thermodynamics and thermoeconomics. This paper describes that Exergy clearly 
identifies efficiency improvements and reductions in thermodynamic losses 
attributable to green technologies. Exergy can be used to assess and improve energy 
systems by providing more useful and meaningful information than energy analysis. 
This article focuses on the development and state-of-the art of exergy analysis and 
thermoeconomics by leveraging conventional concepts of engineering economics to 
optimize the design and performance of thermal systems. 

Key Words : Exergy, Exergy analysis, Thermoeconomics, Optimization, 
Exergetic efficiency, Exergy Destruction. 

   
INTRODUCTION 

Refrigeration and air conditioning 
industry in India is quite large and growing 
rapidly. About 3 million packaged air 
conditioners and 5 million refrigerators are 
sold annually which have an average life of 
10-15 years. The daily energy consumption 
of an air conditioner is 3 kWh and that of a 
refrigerator is 1.5 kWh which works out to 
over 30 GWh of energy for year costing 
about Rs. 135000 million. Even if a small 

saving could be achieved by improving or 
modifying the standard vapour compression 
refrigeration cycle by adopting better 
technologies, it is possible to save substantial 
quantities of high grade energy. This will not 
only benefit the environment and better 
utilization of our natural resources but also 
make the hard to get energy available for 
utilization elsewhere.    

Organic Rankine Cycle (ORC) using 
refrigerants has been studied by many 
investigators to obtain electricity from the 
low temperature heat sources 1, 2. In a similar * Author for correspondence 
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way, refrigeration cycles using refrigerant 
steam turbine instead of an electric 
compressor have been suggested 3-5. The 
simplest cycle uses one working fluid and 
consists of the combination of the VCR 
Cycle and Rankine Cycle which share a 
condenser. Jeong and Kang6 have analyzed 
the performance of above cycles for R-123, 
R-134a and R-245ca as working medium in 
both power and refrigeration loops. R-123 is 
supposed to be phased out by 2040 in 
developing countries because chlorine in R-
123 has 2% ODP. But it has the highest 
critical temperature leading to the highest 
cycle performance. Therefore, R-123 is 
selected as a reference refrigerant to compare 
with the other pre-candidate refrigerants. R-
134a is selected because it has been most 
widely used in industrial chillers and heat 
pumps. R-245ca is selected because it is 
expected to provide a higher COP than R-
134a without any environmental problems5-6. 

It is found that Coefficient of 
Performance (COP) of the Base Cycle is not 
promising compared to the other competitive 
cycles such as absorption chiller and gas-
engine heat pump although the efficiencies 
of compressor and turbine are not so low. 
The turbine exit temperature of the 
refrigerant is much higher than the saturation 
temperature of the condenser, and thus the 
available energy is released directly to the 
condenser. In particular, the turbine exit 
temperature increases almost at the same rate 
as the boiler temperature for a given boiler 
pressure. Therefore, the increase of boiler 
exit temperature does not cause the increase 
of COP. In addition, the worst COP case 
occurs at the highest turbine exit 
temperature, suggesting that the decrease of 
COP is from the increase of the turbine exit 
temperature. To overcome these problems, 
the base cycle is modified. The Recuperator 

is installed before the boiler to maximize the 
temperature difference of the two heat- 
exchanging fluids. The cycle performance 
may also be enhanced by adding Economizer 
(Inter Cooler) in the refrigeration cycle and 
Reheater in the power cycle. In addition, 
both the refrigeration and power cycles 
operate in two stages 6. 

The enhancement of cycle performance 
suggested by Jeong and Kang is based on the 
first law of thermodynamics i.e. energy 
analysis. The use of energy as a measure for 
identifying and measuring the benefits of 
energy systems can be misleading and 
confusing. Thus, when energy analysis is 
used to assess the benefits of green energy 
and technologies, confusion and inaccuracies 
can results in hindering their acceptance. The 
thermodynamic quantity exergy, which can 
be used to assess and improve energy 
systems, can help in better understanding the 
benefits of utilizing green energy by 
providing more useful and meaningful 
information. Many suggest that the impacts 
of energy use on the environment and the 
achievement of increased resource utilization 
efficiency, and the economics of energy 
systems, are best addressed by considering 
exergy7,8,9,38,39. Consequently, many 
methodologies based on exergy have been 
developed, e.g., exergy analysis for 
improving the efficiency of energy systems 
and exergoeconomics for improving the 
economics of energy systems. The exergy of 
an energy form or a substance is a measure 
of its usefulness or quality, and thus is a 
measure of its potential to cause change. 
Exergy may provide the basis for, an 
effective measure of the potential of a 
substance or energy form to impact the 
environment3,27,47. 

Exergy analysis is capable of identifying 
and remedying inefficiency within the 
system thus bringing about significant 
improvement in the performance of the 
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system. Thus, exergy analysis can help locate 
system non- idealities that are not identified 
or misevaluated by energy analysis. 
Accordingly, exergy analysis can be used as 
a tool to devise better processes or design 
better components, by testing whether their 
exergy destruction rates are lower than for 
original process/component. Exergy analysis 
also can be used to assess the real effect of 
off-design conditions on individual 
components or overall plants. In essence, 
Exergy Analysis consists of using the first 
and second laws together for the purpose of 
analyzing the performance in the reversible 
limit and for estimating the departure from 
this limit 3, 7-13. 

Thermal systems can be made cost 
effective and competitive by optimizing 
them. However thermodynamic optimization 
does not always guarantee cost effective 
solutions. Again, as discussed by Kotas 9, 
there are cost optimization procedures, which 
make no use of the exergy concept, in which 
the effectiveness of every change carried out 
on a plant component must be assessed in 
terms of the overall system parameters (e.g., 
its effect on the input to the system). This 
makes optimization complex and time 
consuming. Moreover, the optimization of 
thermal systems cannot always be carried out 
using sophisticated mathematical or 
numerical techniques, due to incomplete 
models, plant complexities, and strong 
nonlinear nature, as mentioned by Wall 14and 
d’Accadia et al.15. Therefore adoption of an 
approach using both thermodynamic and 
economic principles to obtain an optimum 
configuration is suggested. 
Thermoeconomics can play a very important 
role in optimizing these systems as it 
combines the concepts of exergy (second law 
of thermodynamics) with those belonging to 
economic principles 16-19. The purpose of 
thermoeconomic optimization is to achieve, 
within a given system structure, a balance 
between expenditure on capital costs and fuel 

costs that will give the minimum cost of the 
plant product 9. Furthermore, one of the most 
significant advantages of thermoeconomic 
optimization lies in its capacity to optimize 
various components of the system locally. 
Local optimization of the components of a 
system is made possible by considering 
exergy as a standard of quality of energy and 
irreversibility rate as a measure of process 
imperfection. 

The deviation from the conventional 
approach followed in the performance 
evaluation of Rankine powered Vapour 
Compression Refrigeration System from the 
viewpoint of the second law of 
thermodynamics and thermoeconomics has 
been accomplished and it will be continued 
as a further work in the series. The schematic 
arrangement of the systems is shown in  
Fig. 1, Fig. 2 and Fig. 3.      

 
Fig. 1: Schematic diagram of base cycle 

 
Fig. 2 : Schematic diagram of modified cycle 

with recuperator 
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Fig. 3 : Schematic diagram of modified cycle 

with recuperator, reheater and economizer 

Exergy and exergy analysis 
Exergy is a measure of the usefulness or 

value or quality of an energy form. 
Technically, exergy is defined using 
thermodynamic principles as the maximum 
amount of work which can be produced by a 
system or a flow of matter or energy as it 
comes to equilibrium with a reference 
environment7,8,9,38,39. Unlike energy, exergy is 
not subject to a conservation law (except for 
ideal processes). Rather exergy is consumed 
or destroyed, due to non-idealities or 
irreversibilities in any real process. The 
exergy consumption during a process is 
proportional to the entropy created due to 
irreversibilities associated with the process. 

A comprehensive introduction to the 
exergy concept and its applications is 
provided by Bejan and Tsatsaronis 11, 20-21. 
Important variables for an exergetic 
evaluation of single plant components and 
the overall system are : (1) the exergetic 
efficiency and (2) the exergy destruction rate. 
The exergetic efficiency of a component is 
defined as the ratio between product and 
fuel. The product and fuel are defined by 
considering the desired result produced by 
the component and the resources expended to 
generate the result. 
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The term fuel is used here in a general 
sense and is not necessarily restricted to 
being an actual fuel such as coal, natural gas, 
or oil. Examples for the definition of 
exergetic efficiency of several different types 
of plant components can be found in7,8,11,20. 

The exergy destruction rate kDE ,

.
 due to 

irreversibilities within the kth system 
component is obtained from an exergy 
balance 
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.

,

.

,
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,

.
                         (2) 

where kLkPkF EandEE ,

.

,

.

,

.
,  denote the 

fuel, the product and the exergy loss of the 
kth component. In this study, the 
thermodynamic inefficiencies of a 
component consist exclusively of exergy 
destruction ( 0,

.
kLE 20). Exergy destruction 

is caused by effects such as chemical 
reaction, heat transfer through a finite 
temperature difference, mixing of matter at 
different compositions or states, unrestrained 
expansion, and friction. 

Heat transfer is the most significant 
cause of exergy destruction in a heat 
exchanger. The exergy destruction qDE ,

.
 due 

to heat transfer from a hot stream (index h) to 
a cold stream (index c) in an adiabatic heat 
exchanger is given by 11: 

caha

caha
oqD

TT
TTQTE 


.

,
.

                              (3) 

where 
.

QandTo denote the temperature 
of the environment and the time rate of heat 
transfer. For applications where heat transfer 
occurs at practically constant pressure (as it 
is assumed in Eq. (3)), the thermodynamic 
average temperatures andha caT T  of the hot 
and cold streams, respectively are defined by 
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Eq. (3) shows that the difference in the 
average thermodynamic temperatures 
( caha TT  ) is a measure of the exergy 
destruction. Mismatched heat capacity rates 
of the two streams, i.e. 
( 1)/()(

..
cphp cmcm ), and a finite 

minimum temperature difference minT  are 
the causes of the thermodynamic 
inefficiencies associated with heat transfer. 
Furthermore, the lower the temperature 
levels caha TT  and , the greater the exergy 
destruction for a given temperature 
difference ( caha TT  ). 

Exergy destruction associated with heat 
transfer decreases as the temperature 
difference between the streams is reduced. 
This can be achieved by a larger heat transfer 
area which in turn results in larger pressure 
drop and exergy destruction associated with 
friction. Finally, an increase in the flow 
velocity leads to an improvement in the heat 
transfer (reduction of the heat transfer area) 
but also to an increase in the exergy 
destruction due to friction. 

The exergy destruction ratio kDy ,  
compares the exergy destruction in the kth 
component with the fuel exergy supplied to 
the overall system totFE ,

.
: 

totF

kD
kD

E

Ey
,

.
,

.

,                                              (5) 

This ratio expresses the percentage of 
decrease in the overall system exergetic 
efficiency due to exergy destruction in the 
kth system component 20. 

Exergy and Economics 
In the analysis and design of energy 

systems, technical disciplines (especially 
thermodynamics) are combined with 
economics to achieve optimum designs. 
Economic issues are important in the 
evaluation of green energy technologies. 
Methods have developed for performing 
economic analyses based on exergy, which 
are referred to as thermoeconomics, second-
law costing and exergoeconomics13,24,26. 
These methods recognize that exergy, not 
energy, is the commodity of value in a 
system, and assign costs and/or prices to 
exergy related variables. These methods 
usually help determine the appropriate 
allocation of economic resources so as to 
optimize the design and operation of a 
system, and/or the economic feasibility and 
profitability of a system (by obtaining actual 
costs of products and their appropriate 
prices). 

Tsatsaronis (1987) identifies four main 
types of analysis methodologies, depending 
on which of the following forms the basis of 
the technique: (i) exergy-economic cost 
accounting; (ii) exergy-economic calculus 
analysis; (iii) exergy-economic similarity 
number; and (iv) product/cost efficiency 
diagrams. These methods are discussed and 
compared elsewhere3,11,13,20-22. 

Economic Analysis 
The economic analysis, conducted as 

part of the thermoeconomic analysis, 
provides the appropriate monetary (cost) 
values associated with the investment, 
operating (excluding fuel), and maintenance 
and fuel costs of the system being analyzed. 
These values are used in the cost balances 
discussed in the next section. The cost values 
to be used in a thermoeconomic analysis 
depend on the objectives of this analysis. 

For abbreviation purposes, the sum of 
capital investment and operating (excluding 
fuel) and maintenance costs is called capital 
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costs (K). If the objectives of a 
thermoeconomic analysis include calculation 
of product costs or comparison of technical 
alternatives, the total amount of capital costs 
must be considered in the cost balance 
formulated for a new system or component. 
The investment costs of an existing plant are 
sunk costs.  When the cost of exergy 
destruction is calculated or when the 
appropriate trade-off between capital costs 
and fuel costs is sought, only that part of the 
capital costs ( exK ) that depends on the size 
and efficiency of the component being 
analyzed should be considered in the cost 
balances 

oex KKK        (6)                                                                                                                
The variable Ko in Eq. (6) represents that 

part of the capital costs (K) which is 
independent of efficiency and size of the 
component, i.e. independent of the exergy 
flow rate through and the exergy destruction 
in the component. The contribution of capital 
costs to the cost balances is denoted here by 
Z. Thus, depending on the analysis 
objectives, Z could be equal to Kex, K or any 
value between zero and K which is deemed 
appropriate by the analyzer 11, 22-26. 

Major variables used as input to an 
economic analysis depend on the objective of 
the analysis. In general, they include the 
following expenditures and time schedule 
associated with purchasing, installing, 
operating and maintaining each plant 
component, general inflation rate, investment 
escalation rate, financing sources and 
required return on investment for each 
source; tax rates, fuel cost and corresponding 
escalation rate, book life and tax life of the 
investment, plant capacity factors assumed in 
the production schedule, insurance 
expenditures and revenues from the sale of 
by-products. Several assumptions are usually 
required to provide all the necessary input 
variables. The effect of these assumptions on 

the final conclusions of the thermoeconomic 
analysis should be studied in a subsequent 
sensitivity analysis. 

The major difference between a 
conventional economic analysis and an 
economic analysis conducted as part of a 
thermoeconomic analysis is that the latter is 
done at the plant component level and 
provides the value ).....1( NDkZ k   to be 
used in the cost balance written for each 
plant component. When the total plant 
generates more than one product, a 
conventional economic analysis would use 
energy costing to apportion total costs to 
various products. This, however, is 
inappropriate 22-23, 27-30. A rational cost 
apportioning to various products and 
calculation of the cost of 'energy waste' must 
be based on exergy costing. 

In the evaluation and cost optimization 
of the design of an energy system it is not 
advisable to conduct a separate evaluation 
for each year of plant operation. Thus, we 
need a representative year to compare the 
annual values of investment costs, fuel costs 
and operating (excluding fuel) and 
maintenance expenditures. These annual cost 
components, however, may vary 
significantly within the plant's economic life. 
Therefore, the representative year cannot be 
an actual year of plant operation. A 
representative year is obtained through the 
use of levelled 11, 22, 30 annual values for all 
cost components. The values of the variable 
Z to be used in cost balances contain only 
that part of capital costs that depends on 
exergy destruction.  

Exergy Costing 
The exergy analysis yields the desired 

information for a complete evaluation of the 
design and performance of an energy system 
from the thermodynamic viewpoint. 
However, we still need to know how much 
the exergy destruction in a plant component 
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costs the plant operator. Knowledge of this 
cost is very useful in improving 
('optimizing') the cost effectiveness of the 
plant. Exergy not only is an objective 
measure of the thermodynamic value of an 
energy carrier but also is closely related to 
the economic value of the energy carrier, 
because users pay only for the useful part of 
energy 22, 25, 31.  

Exergy costing is based on the notion 
that exergy is the only rational basis for 
assigning costs to energy carriers and to 
'energy waste' (exergy destruction and 
exergy losses). Thus, exergy costing uses 
costs per exergy unit. Exergoeconomics is 
based on exergy costing and is usually 
applied at the plant-component level 22-24, 31-

32. 
The simplest way to apply exergy 

costing is to charge throughout the plant for 
exergy destruction and exergy losses at a 
uniform cost per exergy unit equal to the 
average cost per exergy unit of the fuel for 
the total plant. This approach, however, does 
not consider the importance of exergy 
destruction and exergy loss, from both the 
thermodynamic and economic viewpoints, 
which depends on the relative position of the 
subsystem where the exergy destruction 
occurs within the total plant. For example, 
one MW of exergy destruction rate in the 
low-pressure steam turbine affects the cost of 
electricity more than an exergy destruction 
rate of one MW in the boiler of a steam 
power plant. Therefore, more sophisticated 
approaches to exergy costing are required. In 
thermoeconomics a cost (monetary) value is 
assigned to each material and energy stream 
in the energy-conversion system (process) 
being considered. This value represents the 
total cost required to produce this stream. 
The total cost flow rate associated with the 
total exergy flow rate of the nth material 

stream is denoted by 
TOT

nC
.

 and given by 

PT

n

KN

n

CH

n

PH

n

TOT

n CCCCC
.....

            (7a) 
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C                                                                                                                 
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n
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n
CH
n

PH

n
PH
n

TOT

n EcEcEcEcC
.....

       (7b) 

Here 
X

n
X
n

X

n EandcC
..

, are the cost rate, 
average cost per exergy unit and exergy rate, 
respectively, associated with the Xth form of 
exergy (X= total (TOT)), physical (PH), 
chemical (CH), kinetic (KN) and potential 

(PT) exergy) of the nth stream. Thus, 
X

nC
.

 is 

the product of 
X

nE
.

 and X
nc  for the nth 

energy or material stream. 

X
n

X

n

X

n cEC
..

                                                                                                 

With MPHCHTOTQWX ,,,,, or T (8) 

When the physical exergy is separated 
into thermal and mechanical exergy, the 
following relationship holds 

M
n

M

n
T
n

T

n

M

n

T

n

PH

n cEcECCC
.....

            (9) 

The cost rates associated with material 
and energy streams are used in cost balances 
and in calculating various   exergoeconomic 
variables which assist in the evaluation and 
optimization of an energy system. 
Cost Balance 

 
Fig. 4 : General representation of mass and 

energy balances in an energy system operating 
under steady-state conditions 

 



Journal of Environmental Research And Development Vol. 3 No. 2, October-December 2008 

555 
 

The cost balance expresses that the total 
cost of the output streams in an energy-
conversion system (process) is the sum of 
total cost of the input streams and the 
appropriate charges due to capital investment 
and operating and maintenance expenses (Z). 
For the system shown in Fig. 4, the 
following cost balance can be formulated 

assuming that electric power 
.

W  and heat 
.

Q  
are supplied to the system. 

 
 


NO

j

NI

i

TOT

i

QWTOT

j ZCCCC
1

.

1

....
         (10a) 
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i

TOT

i
TOT
i

Q
Q

W
W

TOT

j
TOT
j ZEcEcEcEc

1 1

.....
)(   (10b) 

The term 
.

Z  is calculated by dividing the 
sum of annual capital investment charges and 
operating and maintenance expenses by the 
average number of time units (hours or 
seconds) of plant operation per year. All 
items in a cost balance are, in general, 
positive. Thus, if power or useful heat are 
transferred from the system shown in Fig. 4 

to another system, the terms 
W

W Ec
.

   and 
Q

Q Ec
.

 in Eqs (10a) and (10b) should appear 
with a positive sign on the left side of these 
equations. 

In the exergetic evaluation, a net fuel and 
a net product were defined for each 
component of a system. The cost flow rates 

associated with the fuel ( FC
.

) and product 

( PC
.

) of a component are calculated by 

replacing the exergy flow rates (variable
.
E ) 

by cost flow rates (variable
.

C ). Then the cost 
balance becomes 11, 22, 24, 32-33, 

LFP CZCC
....

                                  (11) 
The cost flow rate associated with the 

fuel (or product) of a plant component 

contains the corresponding cost rates of the 
same streams used in the same order and 
with the same sign as in the definition of the 
exergy of fuel (or product).  

It is apparent that in defining the terms 

kFC ,

.
 and kPC ,

.
after the terms kFE ,

.
and 

kPE ,

.
have been defined, we simply substitute 

for the terms 

),,,,,,(
.

QWTMCHPHTOTXE
X

n    in 

the expressions for kFE ,

.
 and kPE ,

.
 by the 

corresponding terms 
X

nC
.

  in the expressions 

for kFC ,

.
 and kPC ,

.
, respectively. 

Average Cost of Fuel and Product 
The average cost of fuel ( kFc , ) for the 

kth component expresses the average cost at 
which each exergy unit of fuel (as defined in 
the exergetic efficiency) is supplied to the 
kth component. 

kF

kF
kF

E

Cc
,

.
,

.

,                                              (12) 

Similarly, the cost of product ( kPc , ) is 
the average cost at which each exergy unit of 
the product of the kth component was 
generated. 

kP

kP
kP

E

Cc
,

.
,

.

,                                               (13) 

Using Eqs (12) and (13), the cost balance 
(Eq. 11) can be written for the kth 
component as follows: 

kLkkFkFkPkP CZEcEc ,

..
,

.

,,
.

,             14) 
Equations (2) and (14) are very 

convenient general formulations of the 
exergy and cost balances.  
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Costing of Material and Energy 
Transfer Streams 

A cost balance such as Eq. (10b) can be 
formulated for every component of a system. 
The unknown variables in this equation are 
the costs per exergy unit, 

TOTc ( KNCHPH ccc ,, and PTc  when physical, 
chemical, kinetic and potential exergy are 
considered separately, or 

KNCHMT cccc ,,, and PTc when the physical 
exergy is split into thermal and mechanical 
exergy), for a material stream or Wc  and 

Qc for the corresponding energy transfer. 
Since the number of material and energy-
transfer streams is larger than the number of 
components, additional (auxiliary) equations 
are needed to calculate the unknown 
variables. Such equations were considered 
implicitly 34 or explicitly 22, 27-28, 35 in past 
publications. 

To simplify the following discussion we 
will assume that the changes in kinetic and 
potential energy (and, thus, the terms 

KN

C
.

and )
. PT

C are negligible. We will also 
assume that the cost rates of all entering 
streams in a component are known (from the 
components they exit or from their purchase 
costs if the stream enters the total plant) and 
that the unknown variables of the exiting 
streams need to be calculated. 

In the base case where only total exergy 
is considered, no auxiliary equation is 
required for a component with only one 
exiting stream. The cost per exergy unit for 
this stream can be calculated from the cost 
balance of the component being considered. 
For each additional exiting stream, one 
auxiliary equation must be written. Thus, the 
total number of auxiliary equations is equal 
to the number of exiting streams minus one. 

When a distinction between physical and 
chemical exergy is made, one auxiliary 
equation per exiting stream is required in 

addition to the auxiliary equations required 
for the same component in the base case 
(considering only total exergy). Thus, the 
total number of auxiliary equations per plant 
component is two times the total number of 
exiting streams minus one. 

If three exergy forms (chemical, thermal 
and mechanical exergy) are considered in the 
cost balances, two auxiliary equations per 
exiting stream must be formulated in 
addition to the auxiliary equations required 
for the same component in the base case. For 
each component, the total number of 
auxiliary equations required in this case is 
three times the number of streams exiting the 
component minus one. 

Costing of Exergy-Loss Streams 
The exergy loss together with the exergy 

destruction represents what the layman calls 
'energy waste'. The exergy loss is the transfer 
of exergy out of the total plant associated 
with a mass or energy stream rejected to the 
environment. The term 'destruction' is used 
to identify the unrecovered 'loss' of exergy 
within a component, as distinct from the loss 
of exergy through a plant output stream. The 
costing of exergy loss depends on the 
purpose of the thermoeconomic analysis. 
From the cost balance (Eq. 11) it is apparent 
that the lower the monetary rate associated 
with the exergy loss LC

.
, the higher the cost 

rate of the product (i.e., the cost rates of the 
desired output streams which are part of the 
product). The purpose of the 
thermoeconomic analysis could be : 
 To calculate the costs of the total plant 

products (for plants generating more than 
one product). The easiest approach in 

this case is to assume that 0
.

LC  for 
all exergy losses in the plant. Thus, the 
monetary flow rates associated with 
exergy losses are automatically charged 
to the final plant products. If additional 
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money needs to be spent until a material 
stream representing an exergy loss is 
finally deposited in the environment 
(e.g., for ash handling equipment or for a 
flue gas desulfurization system that is not 
included within the boundaries of the 

plant being analyzed), the term 0
.

LC  
must be negative to charge the additional 
expenses associated with final deposition 
to the products of the component where 
the loss stream is originated (e.g., the 
boiler). 

 To understand the cost formation process 
and the cost flow in the plant or to 
optimize specific variables in a single 
plant component. In this case, the costing 
of all plant components is conducted as 
if all exergy loss streams were to be 
further used in the total plant. In so 
doing, we calculate the monetary loss 

(
CH

L
CH
F

PH

L
PH
FL EcEcC

...
 ) 

accompanying each exergy loss. For 
instance, the monetary loss 
accompanying heat transfer from a plant 
component (operating at a temperature T 
> To) to the surroundings is 

Q

L
PH
F

Q

L EcC
..

   

or, more precisely
Q

L
T
F

Q

L EcC
..

 . This 
information can be used to find the cost 
optimal solution. In the end, all monetary 
losses associated with exergy losses need 
to be charged to the final products of the 
plant and recovered through the sale of 
the products. 

 To optimize the total plant. For overall 
optimization purposes we assume that 
the exergy loss in a plant component can 
be avoided by spending more capital and 
we set in the cost balance 

0,

.
kLC                                                   (15) 

In general, very few components have 
exergy losses that need to be distinguished 
from the exergy destruction in practical 
applications. In thermoeconomic evaluation, 
the concept of exergy loss is applicable to the 
total plant rather than to a single plant 
component that happens to have an exiting 
stream that is not further used in the plant. 
Often this component should not be 
penalized for the exergy loss (e.g., flue gas 
leaving the plant at the lowest allowable 
temperature), then the costing approach 
discussed under condition 2 must be applied. 

Cost of Exergy Destruction 
The cost associated with the exergy 

destruction in a process is a 'hidden' cost, but 
a very important one, that can be revealed 
only through a thermoeconomic 
(exergoeconomic) analysis. In the cost 
balance, there is no cost term directly 
associated with the exergy destruction; this, 
however, affects directly the cost of product 
( kPc , ); assuming that the right side of Eq. 
(14) remains constant, the higher the exergy 
destruction, the lower the kPE ,

.
 value and, 

consequently, the higher the kPc ,  value. The 
cost flow rate associated with the exergy 
destruction in the kth component ( kDC ,

.
) can 

be represented either by the cost of additional 
fuel that needs to be supplied to this 
component to cover the exergy destruction 
and generate the same exergy flow rate of the 
product ( kPE ,

.
) 

when,
.

,,

.

,

.
kDkFkDFkD EcCC    

constant,

.
kPE                                    (16a) 

or by the monetary flow rate lost at the 
product side (assuming that Pc  is not the 
cost but the price of the product) because of 
the exergy destruction 36 . 

when,
.

,,

.

,

.
kDkPkDPkD EcCC   

constant,

.
kFE                                    (16b) 
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The true cost of exergy destruction in the 
kth component lies between the two values 
given by Eqs (16a) and (16b); this cost could 
theoretically be calculated if we split the total 
process in this component into a large 
number of sub processes and calculate the 
cost of exergy destruction for each sub 
process; the larger the number of sub 
processes, the smaller the difference between 

Fc  and Pc . This approach is however 
impractical. In practical applications we 
prefer to use Eq. (16a) for estimating the cost 
of exergy destruction. This represents a 
conservative approach with respect to the 
required optimal investment costs. 

Relative Cost Difference 
By combining Eqs (2), (12), (13) and 

(14), we calculate the following relationships 
for the cost difference ( kc ) which 
expresses the increase in the average cost per 
exergy unit between fuel and product: 

kP

kLkLkDkFk
kFkPk

E

CEEcZ
ccc

,

.

,

.

,

.

,

.

,

.

,,

)( 
  (17a) 

or 

kF

kLkLkDkPk
kFkPk

E

CEEcZ
ccc

,

.

,

.

,

.

,

.

,

.

,,

)( 
   (17b) 

Equations (17a) and (17b) illustrate the 
real cost sources in the kth component which 
are the cost rates associated with capital costs 

( kZ
.

), exergy destruction ( kDkF Ec ,
.

,  or 

kDkP Ec ,
.

, ), and exergy loss 

kLkLkF CEc ,

.
,

.

,(   or ),

.
,

.

, kLkLkP CEc  .  In 

the following we will assume that 0,

.
kLC . 

The cost optimization of the kth 
component involves finding the optimum 
trade-offs among these cost sources. It is 

apparent that any part of exergy destruction 
or of exergy loss that either does not 
contribute to the reduction of capital 
investment costs and operating and 
maintenance costs or that can be eliminated 
by relatively small increases in these costs is 
cost ineffective and should be eliminated. A 
positive role of exergy destruction and 
exergy loss is associated with their 
usefulness in reducing the capital costs in the 
total plant or the fuel costs in other 
components.  

The relative cost difference, kr  between 
average cost of product and average cost of 
fuel for the kth component is obtained by 
dividing Eq. (17a) by kFc , and neglecting the 

kLC ,

.
 term 

k

k

kPkF

K

kF

kFkP
k

Ec

Z
c

cc
r








1

,

.

,

.

,

,,           

(18) 

with the exergetic efficiency k  
according to Eq. (1). The relative cost 
difference is a useful variable for evaluating 
and optimizing the kth plant component  

Thermoeconomic Evaluation 
A complete thermoeconomic evaluation 

of an energy-intensive process (system) is 
based on the following variables calculated 
for the kth component: 

• Exergetic efficiency, k  

• Exergy destruction and exergy loss, 
kDE , and kLE ,  

• Exergy ratios totFkD EE ,, /  and 

totFkL EE ,, /  

• Capital costs (Z) associated with capital 
investment and operating and maintenance 
expenses 
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• Cost of exergy destruction, kDC ,

.
 

• Relative cost difference, kr  and 

• Exergoeconomic factor, kf . 

)( ,

.

,

.

,

.

.

kLkDkFk

k
k

EEcZ

Zf


                        (19) 

The exergoeconomic factor, kf , 
expresses (a) the ratio of the capital cost to 
the total cost (due to investment, operation 
and maintenance, exergy-destruction, and 
exergy loss costs) in the kth component and 
(b) the percentage contribution of the 
investment and operation and maintenance 
cost rate to the relative cost difference, kr . 

The following rules can be applied to the 
kth component to improve the cost 
effectiveness of the total system: 

(1) Higher the relative cost difference 
more should be the attention paid to this 
component, particularly when the cost rates 

kZ
.

 and kDC ,

.
 are high. 

(2) Higher the cost rates kZ
.

  and/or 

kDC ,

.
  , more should be the attention paid to 

this component. 

(3) When kr  value is high, the 
exergoeconomic factor ( kf ) identifies the 
major cost source (capital cost or cost of 
exergy destruction) causing high kr  value. 

(4) If both kr and kf  values are high, it 
might be cost effective for the system to 
reduce the capital investment for the kth 
component at the expense of the component 
efficiency. 

(5) If kr   value is high and kf   value is 
low, the component efficiency may be 

improved by increasing the capital 
investment. 

(6) Eliminate or reduce any steps (sub 
processes) that increase the exergy 
destruction or exergy loss without 
contributing to the reduction of capital 
investment or fuel costs. 

(7) If a component has relatively low 
exergetic efficiency, or a relatively large 
value of exergy-destruction or exergy-loss 
ratio (y), an increase in the exergetic 
efficiency might be cost effective. 

In the performance evaluation of an 
existing plant the capital investment costs are 
sunk costs. If the operation and maintenance 
expenses are also neglected, only fuel costs 
are considered in the thermoeconomic 
evaluation which is based now on the 

variables 
.

nC


and 
nc  for the nth stream as 

well as  kc , 
kr  and 

.

,D kC


 for the kth 
component. The superscript - used in these 
variables denotes that all investment and 
operation and maintenance costs have been 
neglected in calculating the values of 
thermoeconomic variables. These variables 
assist in understanding the effects of exergy 
destruction and exergy loss (and, 
consequently, of a malfunction) in a plant 
component on the performance of other 
components and the total system. 

The ratio 
.

. whenn
n

n

Cc
E



  NDkZ ,....,1,0       (20) 

represents the cost per exergy unit for the 

nth flow stream when the term 
.

Z , is zero for 
all plant components 24. The value of 

nc   is 
equal to unity for the raw fuels supplied to 
the total plant and greater than one for all 
other streams in the plant (excluding some 
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exergy-loss streams). All increases in the 
values of 

nc  are caused by exergy 
destruction and exergy loss. In the 
thermoeconomic evaluation of the design of 
an energy system, 

nc   represents the lowest 
limit for the cost per exergy unit of the nth 
stream. 

Valero et al. 22, 35 calls the variable 
.

nC


 
the 'exergetic cost'. This variable expresses 
the exergy flow rate that needs to be supplied 
to the total plant to generate the exergy flow 
rate E, of the nth stream in the plant being 
evaluated. 

RESULTS AND DISCUSSION 
Literature survey reveals that two 

different thermoeconomic optimization 
methodologies are used to optimize thermal 
systems 9, 11, 14-19. The first method, known as 
the structural method discussed by Kotas 9, is 
based on the relative changes of local 
irreversibility rates and exergy fluxes in 
relation to the overall plant irreversibility 
rate, or the exergy input to the plant, with 
changes in a selected operating parameter. 
The second method uses the autonomous 
thermoeconomic optimization of system 
elements by using local unit costs of exergy 
fluxes entering and leaving the elements 
under consideration. Again regarding the 
second method, as reported by Erlach et al. 
16, there are two main schools of thought: (a) 
cost-accounting methods, which use the 
average costs as a basis for a rational price 
assessment (e.g., the average cost approach 
discussed by Bejan et al. 11 and the Theory of 
Exergetic Cost discussed by Lozano and 
Valero 17), and (b) optimization methods, 
which employ marginal costs in order to 
minimize the costs of products of a system or 
a component (e.g., thermoeconomic 
functional analysis18 and engineering 
functional analysis19). 

 

Structural Method of Thermoeconomic 
Optimization 

The purpose of the structural method of 
thermoeconomic optimization is to 
determine, for a selected system, the capital 
cost corresponding to the overall minimum 
annual operating cost of the plant for a given 
plant output, i.e., to determine the minimum 
unit cost of the product. 

Fig. 5 describes a system consisting of n 
components. Considering the kth element of 
the system, the parameter(s) ix directly 
affects its performance and also indirectly 
affects the performance of the overall 
system. The number of decision parameters 
of the system does not necessarily remain the 
same as the number of components. For 
example, a component may have more than 
one decision parameter that affects the 
performance of the component as well as the 
system. Moreover, any variation in ix  causes 
changes in the irreversibility rates of the 
other elements of the system and necessitates 
changes in the capital costs of the remaining 
components. 

 
Fig. 5 : A System Consisting of n Components 

In general, the exergy balance for the 
system as a whole can be written as 

.
.

)()( outiiniT ExExI                       (21) 
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The term outE
.

 , which represents the 
sum of exergy of the plant products, is taken 
to be independent of ix  . The irreversibility 

rate )(
.

iT xI  may be looked up on as the 
consumption of exergy in the system, 
necessary to generate the product 

exergy outE
.

 . Any increase in exergy 
consumption in the system must be 
compensated by additional exergy input. 
Thus, changes in the irreversibility rate of the 
system with respect to the selected design 
parameters are equivalent to the changes in 
the input. That is, 

i

T

i

in
Tiin

x
I

x
EIxE










..
..

)(        (22) 

For the optimization of the system under 
consideration, the objective function for the 
kth component is defined to minimize the 
annual cost of system operation and is 
expressed as 
Minimize 

bxZaxEctxC
n

l
iliin

fuel
inOPiT  

1

.
)()()(      23) 

where, 

OPt = Hours of operation per year 
fuel

inc = Unit cost of input exergy 
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N
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i
iieryFactorCapitala   24)                                                      

b = Maintenance cost, which is not 
affected by the optimization 

lZ = Capital cost of the lth component of 
the system consisting of n components  

The necessary optimum condition can be 
found by differentiating the objective 
function with respect to the decision variable 
and equating them zero. Thus, differentiating 

Eq. (23), with respect to the decision variable 
ix  and using Eq. (22), we get 
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The last term on the right-hand side of 
Eq. (25) can be written as 
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where l’≠k     (26) 
Again, the first term on the right-hand 

side of Eq. (6) can be written as 
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where ik ,  , the capital cost coefficient, 
is defined as 
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The effect of the parameter ix  on the 
performance of the kth component and the 
performance of the overall system is 
represented by the structural coefficient of 
performance, defined as 

i

k

i

T

ik

x
I

x
I
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.

,                                   (29) 

Now using Eqs. (26)- (29) in Eq. (25), 
we get 
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where 
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Thus, at the optimum, 
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The term I
ikc ,  , known as the local unit 

cost of irreversibility, acts like a 
thermoeconomic indicator which takes into 
account the thermodynamic irreversibility 
cost through ik ,  and the capital costs 

through ik , . 

In the analysis, if 1, ik , i.e., the 
reduction in the input to the system is greater 
than the reduction in the irreversibility of the 
kth component, then it is advantageous to 
optimize the kth component because of the 
favorable impact on system efficiency. 
If 1, ik , i.e., the reduction in the input to 
the system is less than the reduction in the 
irreversibility of the kth component, then it 
leads to the unfavorable structure of the 
system. Here, a reduction in the 
irreversibility of the kth component is 
accompanied by increase in irreversibility 
rates of other components of the system. The 
overall system efficiency is independent of 
the parameter ix  , if 0, ik . The other 

coefficient ik ,  , gives a measure of the 
changes in the capital costs of the 
components other than the kth component 
resulting from the change in the 
irreversibility rate in the kth component. 

The use of this technique requires that 
the exergy input to the plant should have a 

single fixed unit cost. This condition can be 
satisfied, if a single form of exergy input of 
invariable quality or fixed proportions of 
more than one form of input exergy of 
invariable quality is used 9, 36, and 37. 

Thermoeconomic Optimization 
Thermoeconomics offers some 

additional capabilities in optimization that 
are not available in the conventional 
optimization techniques. It is apparent that 
for complex systems with a large number of 
non-linear and, usually, non-explicit variable 
relationships the term optimization implies 
improvement rather than calculation of a 
global mathematical optimum. 

Cost-Optimal Exergetic Efficiency 
The following approach 22, 24, 33, 38-40 

refers to the optimization of a single plant 
component but provides useful information 
also for optimizing complex plants. This 
approach is based on the following two 
assumptions which constitute the cost model: 

(1) The total net capital investment kI  
which is associated with the kth plant 
component and is calculated at the beginning 
of the plant operation period is approximated 
by the following relationship: 

k
k m

kP

n

k

k
kk EBI ,

.

1 













                         (33) 

 The constants kk n,  and km  depend 
on the component being considered. 
Equation (33) is assumed to be valid within a 
certain range of design options or design 
conditions for the kth component. The term 

km

kPE
,

,

.
  expresses the effect of component size 

on the value of kI . It is interesting to note 
that the reciprocal of the term  )1( kk    
which expresses the effect of efficiency on 
the capital investment of the kth component, 
is equal to the last term of Eq. (18). When 



Journal of Environmental Research And Development Vol. 3 No. 2, October-December 2008 

563 
 

some cost information on different design 
conditions of the kth component is available, 
the least square method can be used to 
calculate the values of the constants kk mn ,  
and k  in Eq. (33). Application of the least 
square method is simplified if the value of 
the capacity exponent km  is assumed. 
However, Eq. (33) could also be used in the 
absence of complete cost information by 
assuming the values of the exponents kn  
and km . 

(2) The annual operating and 
maintenance costs (excluding fuel costs) 
attributable to the kth plant component may 
be approximated by 

kkPkkk
OM
k REIZ  ,

.
                  (34) 

Here, k is a coefficient that takes into 
account the part of the fixed operating and 
maintenance costs that depends on kkI ;  is 
a constant expressing the variable levelized 
operating and maintenance costs of the kth 
component,  is the annual time of plant 
operation at the nominal capacity, and kR  
includes the remaining costs that have not 
been considered in the first two terms of Eq. 
(34). These assumptions lead to the 
following expression for the total annual 
costs (capital investment costs and operation 
and maintenance costs, excluding fuel costs) 
attributable to the kth component 

 kkk
OM
k

CI
Kk IZZZ )( 

kkPk RE ,

.
                                          (35) 

where k  is the capital recovery factor. 

The sum of the terms,
CI

kZ
.

and 
OM

kZ
.

 for the 
kth component in a cost balance (e.g., Eqs 
(11) or (14)) is obtained by dividing Eq. (35) 
by . 

Now the total costs associated with the 
kth component can be minimized by 
assuming 

constant,

.
kPE                                      (36) 

and 

constant, kFc                                        (37)    
The minimization of the cost per exergy 

unit of product 

min
,

.

.
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,
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under the above assumptions (Eqs 33 
through 37) leads to the following 
expressions for the cost optimal values of the 

variables kFDkkDkk CZEr ,,

..
,

.
,,,, and kf . 
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The variable kF  is the )1( kn  root of 
the so-called thermoeconomic similarity 
number, initially formulated in Ref. 39 for a 
total plant and for 1 kk mn . 

The thermoeconomic similarity number 
considers the most important factors that 
affect the optimum values of the variables 

kkDkk ZEr
.

,

.
,,, and kFDC ,,

.
. The cost-

optimal exergetic efficiency, for instance, 
increases with increasing fuel cost and 
annual number of hours of plant operation 
and with decreasing capital recovery factor, 
fixed operating and maintenance cost factor, 
and exponent kn . It should be noted here that 
the exponent kn  expresses the optimal ratio 
between the cost of exergy destruction and 
the capital cost in a component: 

OPT

k

OPT

kFD
k

Z

Cn
.

,,

.

                                             (46) 

Different plant components are 
characterized by different values of 
thermoeconomic exponents kn  and km . 
Electric motor driven pumps, for instance, 
will usually have kn  values lower than 0.6, 
while steam turbines are expected to show 

kn   values higher than 0.9. The kn  values 
for heat exchangers and chemical reactors 
will largely depend on the purpose and 
working substances used in this plant 
component 40. 

Equations (39) through (46) apply to the 
optimization of a single component as 
illustrated in Fig. 6 which shows the variable 

Pc  as a function of the exergetic efficiency 
  and the exergy destruction DE . 

This optimization approach can also be 
used for a group of components by 
appropriately adjusting the definition of fuel 

and product and the calculation of the capital 
investment in Eq. 33. However, more the 
number of components considered in a 
group, more difficult it is to develop an 
acceptably accurate cost equation such as  
Eq. 33. 

The conditions that optimize a single 
component usually do not optimize the total 
plant. Single component optimization can be 
used in a preliminary optimization phase for 
some important components that dominate 
the total cost picture, i.e. the components 

with the highest 
.

Z  and DC
.

 values. 

Fig. 6 : Schematic of the Contributions of Fuel 
Cost and Capital Cost to the Total Product as a 
Function of Exergy Destruction and Exergetic 

Efficiency. 

Design Optimization 
The goal of design optimization of an 

energy system is to find the structure and the 
values of the system parameters that 
minimize the cost of the final products 
considering restrictions imposed by the 
desired reliability, availability, 
maintainability, operability and 
environmental impact of the system. Finding 
the cost optimal structure may be more 
important than optimizing the parameters of 
a given structure. An exergy analysis and a 
thermoeconomic evaluation are very useful 
tools in solving both optimization problems. 

A comparison of the actual with the cost 
optimal values for   and r  identifies (a) in 
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what direction (higher or lower efficiency) 
the design of a component should be changed 
to reduce the total costs associated with it, 
and (b) the components that are far away 
from their optimal r value. If some of the 
latter happen to be major components 

(characterized by large ( DC
.

and/or 
.

Z   
values), then these components should be 
modified first in the direction indicated by 
the comparison between   and OPT . Thus, 
the following dimensionless variables 
(relative differences) are defined: 

OPT
k

OPT
kk

k r
rr

r



 

OPT
k

OPT
kk

k 






 

These variables, together with DC
.

 

and
.

Z , assist in improving the design 
structure, in estimating the relative 
importance of decision variables in a given 
design structure and in prioritizing the 
required changes to improve the cost 
effectiveness of a given design. 

Optimization of Major Plant 
Components 

In the preliminary plant optimization 
phase, the design of major plant components 
should be optimized in isolation from--and 
sometimes ahead of the detailed design of--
the remaining plant components. 
Thermoeconomics facilitates--and often 
enables--this isolated component 
optimization where we calculate the values 
of the major decision variables directly 
affecting the performance of a major 
component that minimize the relative cost 
difference for the component being 
considered. In this optimization we should 
use the relative cost difference, r (instead of 
the cost of product, Pc that is used in Fig. 8) 

as the variable to be minimized because the 
variable r allows changes in the cost of fuel 
( Fc ) for a major component to be 
appropriately considered in the iterative 
optimization. Any conventional optimization 
method could be applied to minimize the r 
value of a major plant component as a 
function of some decision variables. 

The values of the decision variables 
obtained in this preliminary component 
optimization will be very close to their final 
optimal values. This approach considerably 
reduces the time and efforts required for 
optimization of a complex plant.  

The optimization of a major plant 
component is facilitated when the component 
is at the front end of the plant. For other 
major downstream components we cannot 
automatically expect that the optimization of 
a component in isolation from the remaining 
components will lead to a plant optimization. 
Some additional iteration will usually be 
necessary to optimize the total plant. In this 
case, the decision variable value obtained 
through the first optimization of a major 
component in isolation represents a good 
starting value for the iterative optimization of 
the total plant 11, 22, 41-57. 

CONCLUSION 
Most of the approaches discussed so far 

are based on algebraic relationships and 
average costs. A mathematically rigorous 
cost optimization requires marginal costs and 
calculus procedures. The major problem in 
the optimization of complex systems is the 
lack of cost data and appropriate simulation 
techniques. As long as the cost and 
performance data required for a rigorous 
global optimization are not available, a 
thermoeconomic evaluation based on 
algebraic techniques (as discussed in 
Sections 3 through 5) combined with 
iterative optimization techniques is probably 
the best approach to the improvement of 
large energy systems. 
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If all required cost and performance data 
are available, conventional optimization 
procedures that do not use costs of exergy 
might be preferable for the optimization of 
relatively small systems. However, as 
compared with conventional procedures, the 
advantages of a thermoeconomic approach 
increase with increasing complexity of the 
energy system, particularly when chemical 
reactions are involved regardless of the 
available information on cost and 
performance.  
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