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ABSTRACT

This paper introduces and clarifies important concepts in
the development of a sustainable engineering.

An engineer designing a system is expected to aim for the
highest possible technical efficiency at a minimum cost under
the prevailing technical, economic and legal conditions, but
aso with regard to ethical, ecological and socia conse
guences. Exergy is a concept that makes this work a great deal
easier. Thus, exergetics offers a unique insight where losses
and possible improvements can be determined, and Life Cycle
Exergy Analysis (LCEA) is suggested as a method to better
meet environmental conditions.

Exergy is aso a useful concept in economics. In macro-
economics exergy offers a way to evaluate resource depletion
and environmental destruction by means of an exergy tax. In
microeconomics exergy has fruitfully been combined with
cost-benefit analysis to improve the design. By minimizing
Life Cycle Cost (LCC) we find the best system due to the
prevailing economic conditions, and by minimizing the
exergy losses, we also minimize environmental effects.

INTRODUCTION

Designing efficient and cost effective systems, which also
meet environmental conditions, is one of the foremost
challenges that engineers face. In the world with finite natural
resources and large energy demands, it becomes increasingly
important to understand the mechanisms which degrade energy
and resources and to develop systematic approaches for
improving systems and thus aso reducing the impact on the
environment. Exergetics combined with economics, both
macro- and microeconomics, represents powerful tools for the
systematic study and optimization of systems. Exergetics and
microeconomics forms the basis of thermoeconomics (Evan

and Tribus, 1962), which is aso named exergoeconomics
(Bejan et al, 1996) and exergonomics (Y antovskii, 1994). The
concept of utility is a central concept in macroeconomics.
Utility isalso closely related to exergy, and an exergy tax is
an example of how exergy could be introduced into macro-
€conomics.

Optimization pervades the fields of science, engineering,
and business, which is concerned with finding the best system
among the entire set by efficient quantitative methods.
Computing makes the selection feasible and cost efficient. But
to employ them requires, firstly critical analysis of the pro-
cess or design, secondly insight as to what the appropriate
performance objectives are, i.e., what is to be accomplished,
and thirdly use of past experience, sometimes called “enginee-
ring judgment.”

However, the design is much more than using proper tools
and performing a correct optimization. In areal system design
consideration for environmental, social and ethical conse-
guences must also be taken. Good design methods should also
make maximum use of the designer’s skills, knowledge, and
experience. (Sama, 1995) In addition, a designer should also
have a basic knowledge in ecology and sociology, as well as
ethics and morals. (Wall, 1995)

When constructing a system, the goal is to attain the high-
est possible technical efficiency at the lowest cost within the
existing technical, economical and legal constrains. The
anadysis also includes different operating points (tempera-
tures, pressures, etc.), configurations (components, flow
charts, etc.), purpose (dual purpose, use of waste streams,
etc.), and environments (globa or loca environment, new
prices, etc.).

Usualy the design and operation of systems have many
solutions — sometimes an infinite number. By optimizing the
total system, we aways find the best system under the given
conditions. Some of the genera engineering optimization
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methods could be applied to optimize specific design and
operation aspects of a system. However, selecting the best
solution among the entire set requires engineering judgment,
intuition and critical analysis. “It is much more important to
be able to survey the set of possible systems approximately
than to examine the wrong system exactly. It is better to be

approximately right than precisely wrong.” (Tribus and El-

Sayed, 1982)
Table1 Energy versus Exergy
Energy Exer gy
Thefirst law of The second law of

thermodynamics

thermodynamics

Nothing disappears.

Everything disperse.

Energy is motion or
ability to produce motion.

Exergy iswork? or
ability to produce work.

DQ =DU +DW (1)
where:

DQ isthetotal heat supplied
to the system,

DU is the total increase in
the internal energy U of the
system,

DW is the total increase in
the external energy of the
system or the total work

E=Ty(Si-S) (2
where:

Eis exergy,

T, is the temperature of the
environment,

S, is the entropy of the to-
tal system, i.e. the system
and the environment when
the system isin equilibrium
with the environment,

done by the system. S* is the entropy of the
tota system at a certain
appropriate deviation from
equilibrium.
E=mc’ 3)° E=KkIn2T, (44

Energy and matter m
is “the same thing.”
Everything is energy.

Exergy and information |
is “the same thing.”
Contrast is exergy.

Energy is aways conserved,
i.e. in balance, it can neither
be produced nor consumed.

Exergy is only conserved or
in balance for a reversible
process, but partly consumed

in an irreversible  process,
i.e. read processes. Thus,
exergy is never in balance for
real processes.

Energy is a measure of
guantity.

Exergy is a measure of
quality and quantity.>

1 Work is ordered motion.

2 This equation is known as the Gouy-Stodola theorem. (Gouy, 1889
and Stodola, 1898) G. Gouy and A. Stodola discovered, independently
of each other, the law of the loss of maximum work. The work obtained
is always smaller than the maximum work, because of the irreversibility
of thermal processes.

3 Thisis the well known formula, stated by Einstein, however, where E
hereis energy and not to be mixed with E otherwise used for exergy in
this paper, m is mass, c is the speed of light, which is equal to 3 10°
[m/s].

4 Thus kIn2T, » 2.9°102 J is the amount of exergy of one bit of
information at room temperature. And | is information, or information
capacity [bit].

5 Entropy, or negentropy can be regarded as a measure of quality.

This paper compares the concept of energy and exergy,
introduces different ways to define exergy efficiency, and
distinguishes between exergy destruction caused by irrever-
sibility and exergy waste due to unused exergy. Net-exergy
analysis or Life Cycle Exergy Anaysis (LCEA) as methods of
calculating the total resource use for a specific product or
service will be presented, as well as the application of
exergetics in micro- and macroeconomics. Also the difference
between optimization and improvement will be clarified.

EXERGETICS

Thermodynamics provides the concepts of temperature,
pressure, heat, work, energy, entropy and four laws of
thermodynamics. Thermodynamics only treats reversible
processes, i.e. processes with no direction, for systems in
equilibrium states. Even though, thermodynamics is one of the
most useful part of physics in engineering.

First law, i.e. energy anaysis, generally fails to identify
losses of work and potential improvements or the effective use
of resources, eg. in an adiabatic throttling process. The
second law of thermodynamics shows that, for some energy
forms, only a part of the energy is convertible to work, i.e.
the exergy. However, dill this is not recognized by the
engineering society at large. “In aworld rapidly running out of
fossil fuel, the second law of thermodynamics may well turn
out to be the central scientific truth of the twenty-first
century.” (Goodstein, 1994) In Table 1 we have summarized
the main differences between energy and exergy.

Exergy Losses

For a real process the exergy input always exceeds the
exergy output, thisunbalance isdue to irreversibilities, which
we name exergy destruction DE. The exergy output consists of
the utilized output and the non-utilized output, i.e. exergy of
waste output. This latter part we entitle the exergy waste
E .- It IS very important to distinguish between exergy
destruction caused by irreversibilities and exergy waste due to
unused exergy, i.e. exergy flow to the environment. Both
represent exergy losses, but irreversibilities have, by
definition, no exergy and no environment effects.

The exergy destruction DE is related to the entropy
generation by

DE =T,DS* =EJ - Ef =4 DE, (5)

where DS* is the total entropy increase, E isthe total input
exergy, Ei isthe total output exergy, and DE, is the exergy
destruction in processi.

An exergy balance, by definition, only exists for reversible
processes. Thus, for real processes, i.e. irreversible processes
(DS™ >0), exergy is never in baance, because the total
exergy input always exceeds the total exergy output, i.e.
EX>ES . Hence, it is mideading to tak about an exergy
balance for real processes.

In the literature, exergy destruction is commonly referred to
as availability destruction, irreversibility, and lost work.
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By calculating the exergy loss, i.e. destruction and waste,
we can visudlize possible process improvements. In general,
when the exergy loss is high, we should consider to improve
this part first. However, this “tackle the biggest loss first”
approach is not always appropriate. The reason is that, every
part of the system depends on each other so that an
improvement in one part may cause increased losses in other
parts, so that the total losses in the modified process may be
equal or even larger than in the original process configuration.
Therefore, the problem needs a more carefully approach, which
we will discuss below.

Exergy Efficiency and Exergy Flow Diagrams

Exergy efficiency® is usually defined, as utilized exergy
divided by used exergy. This must be a number between 0 and
1, since all real processes involves exergy destruction. This is
in distinction to energy efficiency which may well exceed 1.
However, there are severa ways to define the utilized exergy
and used exergy. We dso want to mention that exergy
efficiency could also be defined as utilized exergy divided by
the exergy which is theoretically possible to utilize. (Wall,
1977)

E,

pl'

2 SYSTEM "
Eese

Figure 1 Theinput and output of exergies for a system.

The definition introduced by Grassman (1950) expresses al
exergy input as used exergy, and al exergy output as utilized
exergy. So the exergy efficiency m,, becomes

DE

Eo
Nex1 = E_: =1- (6)

n

where we have added the definition of exergy destruction DE
from above.

However, this efficiency does not always provide an
adequate characterization of the thermodynamic efficiency of
processes, such as heat transfer, separation, expansion etc.
Often, there exists a part of the output exergy which is unused,
i. e an exergy waste E, .. to the environment. Thus, the
utilized exergy is given by E_, - E,, Which we cal the
exergy product E, , i.e.

Eout = Epr + Ewas(e (7)

and the exergy efficiency n,, becomes

6 Also called second law efficiency, effectiveness, or rationa
efficiency

-E = E

waste — waste ( 8)

Nex 2 e - E_.n “MNex1” E

in

Sometimes a part of the exergy going through the system is
unaffected. This part of the exergy has been named the
transiting exergy E, . (Kostenko, 1983, and Brodyansky et
al., 1994), see Fig. 1 and Eqg. 9.

If the transiting exergy E, is deducted from both the input
and the output exergy (or rather from exergy product), the
exergy efficiency m, ; becomes

E E _ Epr - Etr

— out Ewas(e_ tr

Nexz = Ein _ Etr - E -E (9)

in tr

Dueto the difficulties to sometimes calculate the transiting
exergy and its lack of recognition, we support to use the
exergy efficiency m,,,i.e.

— — Eout - Ewasa — EP'

Noe = Nez = —E E (10)

Let us compare these definitions by applying them to a

system with two different processes A and B, see Fig. 2. The

exergy efficiencies are for process A: m,,=91% and

Nes=10%, and for process B: n,,, =M, ;=50%. Thus, which is

the most efficient process is a matter of definition of

efficiency. However, if we instead use the diagrams, we can see

that the exergy destruction of process A is larger than that of

process B, 9 versus 5, thus, process A probably should be
improved first.

Process Process
A E.=10 B =, =
= =E,=5
S e
-y = |DE=5

E,=90 Nex 2 Nexs

=50%
E,~=100 No,=91% Ex=
« E.=91

10 | 1, 710% |pe=g

Figure 2 Comparing the use of efficiencies n,, and n, ; with

exergy flow (Sankey-Grassman diagrams) of two processes A
and B in asystem

From this comparison we see that a better insight is offered
by using exergy flow diagrams. From an exergy flow diagram
can be learned not only what the exergy efficiencies of the
various processes of a system are, but aso what input and
output the exergies refer to, where the various exergy flows
come from and go to, which part is transiting exergy, and how
much exergy is destroyed of each processes. “Again,
ambiguity is eliminated if a Sankey diagram is used instead of
aratio to summarize an energy account.” (Spreng, 1988)

Exergy flow diagrams may also include the total exergy use
for aproduct or service both in the production and in the waste
treatment as well asin the use of the product or service. Thus,
we have to consider the time, i.e. both the history and the
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future of our activity. We name this Life Cycle
Analysis (LCEA).

Exergy

Life Cycle Exergy Analysis

To find al exergy which is used in the production, it is
necessary to take all different inflows of exergy in the process
into account. In 1974, a conference was held by the
International Federation of Institutes for Advanced Studies
(IFIAS) at which this type of budgeting was denoted ener gy
analysis, and Gibbs free energy was chosen as a unit of
measure. (IFIAS, 1974).

There are basically three different methods used to perform
an energy analysis, these methods are process, statistical and
input-output analysis. (Chapman and Roberts, 1983) The
latter is based on an input-output table as a matrix representa-
tion of an economy. Each industry sector is represented by a
row and column in the matrix. The main advantage of this
method isthat it can quickly provide a comprehensive analy-
sis of an entire economy, and the main disadvantages results
from the use of financia statistics and from the degree of
aggregation in the table. In order to obtain a more detailed
disaggregation than used in input-output tables it may be
sufficient to make use of the more detailed statistics from
which input-output tables are usually compiled. The method is
called dtatistical anaysis, which is basicaly a longhand
version of input-output analysis. This method has two advan-
tages over the input-output method: (1) it can achieve a more
detail analysis, and (2) it can usualy be executed directly in
physica units, thus avoiding errors due to preferentia
pricing, price fluctuations, etc. However, its disadvantage
compared to the input-output method is that the computations
usually have to be done manualy. Process analysis, see Fig.
3, focuses on a particular process or segquence of processes for
making a specific final commodity and evauates the total
energy use by summing the contributions from all the individ-
ua inputs, in an more or less detailed description of the
production chain. Exergy could easily be incorporated into the
process analysisto form an exer gy analysis, see Fig. 3.

Level 4 I Level 3 Level 2 I Level 1 l
Direct exergy | Direct exergy Direct exergy Direct exergy I
to process to process to process to process
| | |
Other inputs
| | to material | |
i roduction | —p»|
I\/Iachmf v LR Materials | | Process | >
omake | | »| production
materials I > | Output
| Machinery | |
Machinery (captial
tomake | 1| equipment) | |
machines [ | |

Figure 3 Thelevels of process analysis as described at the
IFIAS workshop, with the addition of exergy. (IFIAS, 1974)

Later the more clarifying namenet-energy analysis has
been used to for this kind of analysis. (Spreng, 1988) This
method is described in terms of exergy in Fig. 4. Aswe see, dl
exergy being used, directly or indirectly, in the production of

the product will be deducted from the exergy of the product to
define the net exergy product.

Exergy in Goods

Society

Direct Exergy Subsidy

f

Etr E(r

Indirect
Exergy
Subsidy

= out ' Net Exergy Product

SYSTEM

Erase

Exergy
Waste

Figure 4 Net-exergy analysis.

Szargut and Morris (1987) have introduced the concept of
cumulative exergy consumption to express the sum of
the exergy of natural resources consumed in al steps of a
production process.

Life Cycle Analysis or Assessment (LCA) is a method that
evaluates all in- and outflows during the “life cycle” of a good
or service with regard to the environmental impact. LCA has
attracted a lot of attention, and is very similar to the methods
presented above except that it is not restricted to energy or
exergy. However, this multidimensional approach causes large
problems when it comes to comparing different substances,
and general agreements are crucial. Furthermore, LCA isa poor
tool in the design of a system since it can only evauate
aready proposed systems. Meanwhile, we suggest that Life
Cycle Exergy Analysis (LCEA), which we present below,
is used. Let us first classify resources, see Fig. 5. Natural
resources, appear partly as natural flows and partly as stocks,
which are divided into dead stocks or deposits and living
stocks or funds. Natural flows and funds are renewable, and
deposits are non-renewabl e resources.

‘ RESOURCES ’

( NATURAL FLOWS

Sunlight, winds, ocean
currents, etc

STOCKS

DEPOSITS (dead stocks)
QOils, minerals, metals, etc
A deposit can only give a
flow while diminishing

FUNDS (living stocks)

Forests, fields, etc

The“yield” of afundisaflow eg.
forest crops and agricultural crops

Figure5 A classification of resources (Wall, 1997).

The exergy flow through an energy system, usually consists
of three separate stages over time, see Fig. 6. At first, we have
the construction stage where exergy is used to build a plant and
put it into operation. During this stage, O£t £t,,, , exergy is
spent of which some is accumulated or stored in materials. e.g.
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in metals etc. The exergy input used for construction,
maintenance and clean up we call indirect exergy E, .- When
the power plant is put into operation, it starts to deliver
exergy power E,, by converting the direct exergy power
input E,,. Let usnow look at two cases, (1) the direct exergy is
a renewable resource, and (2) the direct exergy is a non-
renewable resources.

dE(t)
dt |
Construction |

AEOD=

Operation : Clean up

Lt

g#
:

indirect +Ein

Figure 6 Exergy input and output during a systems life cycle.

In the first case, we can disregard the direct exergy input,
since we use exergy originating from natural flows, like solar,
or funds. Then, a time t =t . the delivered exergy has
covered up for the indirect exergy input, see Fig. 7, i.e.

Cpay back . tite .

0 Epr ()t = 0 Eindirect (1)t = Eingirect (11)
0

tslan

Thereafter, there will be a net exergy output from the plant,
which will continue until it is closed down, a t=1t,.. Then,
we have to use exergy for clean up and restore the
environment, which accounts for the last part of the indirect
exergy input, i.e. E, .. Which is aready paid pack for. By
considering the total life cycle of the plant the net delivered
exergy becomes:

Uiife.

Epr, net =Epr - Eingirect = OE(t)dt (12)
0
These areas representing exergies are indicated in Fig. 7.

tstan _Eindirect I Enet pr tclose t”fel -t

tpay back

E(t)

0 | Eindirect

Figure 7 Exergy input and output during a systems life cycle.

In the next case, we assume that all direct exergy input must
be considered, i.e. we use a deposit or non-renewable resource
which will be ruined from the use and perhaps aso bring
harmful effects to the environment resource. Thisis aways the
situation in the use of non-renewable or deposit resources like

minerals and fossil, eg. metals and fossil fuels. Figure 6
illustrate this case, and by definition we will never reach a
situation where the total exergy input will be paid back,
simply because the situation is powered by a depletion of
resources, we have

Epr< Ein (13)

Life cycle exergy analysisis very important in the design of
sustainable systems, especialy in the design of renewable
energy systems. Assume a solar panel made of mainly
aluminum and glassis used for production of hot water. Then,
it is not obvious that the exergy being spend in the production
of this unit ever will be paid back during its use, i.e. it might
be amisuse of resources rather than a renewable resource use.
Life cycle exergy analysis should therefor be done in the
design of such systems.

Sustainable engineering should be defined as systems which
make use of renewable resources in such away that the input of
non-renewable resources will be paid back during its life time.
Thus, by using LCEA and distinguishing between renewable
and non-renewable resources we have a method to define
sustainable engineering.

ECONOMIC AND EXERGETICS

Exergy measures the physical value of a natural resource
(energy, material and information). Thus, it is aso related to
the economic value, which reflects the usefulness of a
resource.

Exergy can be applied to both macro- and microeconomics,
and so far it has mainly been used in microeconomics, e.g.
thermoeconomics. However, the concept of utility used in
macroeconomics is closely related to exergy, and with an
increasing interest from economist for the environment, eg.
environmental and ecological economics, we expect that
exergy will also be used in macroeconomicsin the near future.
The introduction of an exergy tax, see below, is but one
example.

Some economists consider natural resources as any other
factor of production. Others feel, by considering the value of
the natura environment, that natural resources has a specia
meaning in economics. Boulding (1966) characterizes these
two views as the cowboy economy and spaceman economy:

“In the cowboy economy, consumption is regarded as a
good thing and production likewise; ... , in the spaceman
economy, throughput is ... something to be minimized
rather than maximized. ... The essential measure of the
success of the economy is not production and
consumption at all, but the nature, extent, quality, and
complexity of the total capital stock; included in this
state of the system are the human bodies and minds.”

It is obvious that Boulding isreferring to something that is
related to exergy and an exergy tax.

Macroeconomics and Exergetics — Exergy Tax
The world faces a lack of deposit natural resources and an
environmental destruction. In order to encourage the use of
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renewabl e resource and to improve the resource use, an exergy
tax could be introduced. (Wall, 1993) In Fig. 8 we have divided
the resource inflow into two parts — renewable and non-
renewable resources which should be taxed. Also waste
products, i.e. exergy waste, should be taxed by the amount of
exergy released since this is related to the environmental
impact. However, in addition to this, one must, of course, aso
consider toxicity and other indirect environmental effects, and
in the case of irreversible environmental damage, a tax is not
suitable, instead restrictions must be considered.

renewable
B, E
£ [on SYSTEM o
renewable = 1
Edeposit wast

Figure 8 Exergy taxed in the system. Outlined part should be
taxed.

In economics systems always have a monetary balance, see
Eq. 14 and Fig. 9, where we have added exergy tax and aid.

Cint Cper + Ccapitd +Cu = Cpr +Clg (14

The money inflow isincome from selling a product or service
C, and also eventually aid or subsidy C,, from the state. The
money outflow consists of cost for use of physical resources,
e.g. energy C,,, cost for economic and human resources, i.e.
capital C.,y and labor C,,, and eventualy an exergy tax
C. - It should be noticed that we assume no profit, i.e. the
system is acting in a free market economy with perfect
competition where the equilibrium state is reached. By the
exergy tax a company has to pay for using non-renewable
resources and emitting exergy as waste to the environment.
The income from these taxes could be used to support research
and other activities to reduce exergy losses, i.e. reduce the
impact to the environment, see Fig. 10. Thus, stimulate the
development of sustainable engineering.

Cin
Cor
Clabor SY S T E M
Ceaital
Ctax Caid

Figure 9 Monetary flow balance in the system. The money
flow from right to left.

Assume a number of production systems of goods and
services distributed on the market, either for direct
consumption or for further production. In Fig. 10 we have
production systems: 1, 2, etc. and a final consumer: 0. The
flows are divided into two categories: (1) solid arrows:
physical value and (2) outlined arrows: economical value.

International organisation

Ctax,l Cajd ! C‘a"vz Cald 2 Ctax,o Cajdvo
o <lC_er2 _Cpr& ~
. E : E,. Euo |Consump-
System |—euiy, | System |_—pr2_ 2 o

E,___
deposit,1 EwaSlevl Edeposit,z Ewaste,Z Edeposit,o Ewaste,o

Nature

Figure 10 An international organization to tax resource
depletion. (Note: Physical resources from natural flows and
funds have been excluded since they are not taxed.)

Let us first consider the first production process. The
company “produces’ aphysical value E, , and an exergy waste
to the environment E, ., @ it consumes deposits E ;-
(Since other flows are omitted, we can not apply, nor isthere a
need for mass or energy balances of the process.) At the same
time, the economical values C,,,, and C,,,; are exchanged with
the international tax-organization. The difference of these
values, i.e. C,- C,,, hasto be added to the original cost of
the product to get the final cost of the product, C,,. The tax
Cia isafunction of the exergies, E, ., and E,,, and
toxicity. Thus, the companies are taxed in relation to the
exergy consumption of deposits and the exergy waste and
effect to the environment.

To use exergy as base for the tax has many advantages. (1)
The exergy can be calculated from given physical data for the
flow and the environment, which could be decided by
international agreements. (2) The exergy is related to the
utility of the extracted deposit, and to its physical (environ-
mental) value, i.e., the physical “cost” to produce the resource
from the ambient. (3) Exergy is a measure of the physica
value of the environmental stress that is created from the
exergy waste when it ends up aswaste in the environment. (4)
Exergy isaways a positive value when we have a distinction
from the natural (reference) environment, see Eq. 2.

The lack of recycling of physical resources in the society
creates resource depletion and environmental destruction. By
an exergy tax this could be changed. This tax should be
governed by an international organization, e.g., the United
Nations, since the effects usually are global.

Microeconomics and Exergetics

A system could be regarded as a part of two different
environments — the physical and the economic environment.
The physical environment is described by pressure P,
temperature T,, and a set of chemical potentials u,, of the
appropriate substances i, and the economic environment by a
set of reference prices of goods and interest rates. These two
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environments are connected by cost relations, i.e. costs as a
function of physical quantities, see Fig. 11.

-

ECOSOMIC
ENVIRONMENT

/ PHYSICAL
ENVIRONMENT

Values

Energy ( SY S-I- EM ) Information
Entropy Constraints

m
Pressure >
Temperature Prices o)
Chemical potentials Interest rates >

- 7

Figure 11 The system in two environments.

With the system embedded in the physical environment, for
each component there are the mass and energy balances needed
to define the performance of the system, which describe the
physical behavior of the system, as we discussed above.

Let us define the best system as the system with lowest life
cycle cost (LCC), i.e. the sum of the capital investment costs,
operation and maintenance costs, and so on, as indicated in
Eq. 15, for a given product during its life time. Thus, the
objective function is

0=LCC=4(C,+ Ca + Cogia +Ciac~ Cag)  (19)

‘capif
which should be optimized, i.e. minimized for a given product.
By reducing the cost per product the company can offer the
product at alower pricethan the present market price, thus be
come more competitive.

If we know the cost relations, we are able to link the
physical and economic environments. The cost equation can
sometimes be simplified as a scale effect times a pendty of
intensity. Then we can find the system of lowest cost which is
physically feasible. Usually the maintenance and capital cost
of the equipment is not a linear function, so in many cases
these costs have more complex forms. If we, by some reason,
are not able to optimize the system, we may link cost to
exergy by assuming a price of exergy, we cal this exergy
costing or thermoeconomic accounting.

Thermoeconomic Accounting

Thermoeconomic accounting method is based on the
pioneer work of Gaggioli (1961) and his co-workers as well as
Tribus and his co-workers (Evans and Tribus, 1962, 1965).

Since exergy measures the physical value, and costs should
only be assigning to commodities of value, exergy is a
rational basis for assigning costs to the interactions that a
physical system experiences with its surrounding and to the
sources of inefficiencies within it. The exergy input is shared
between output and destruction, or product and losses.

Thermoeconomic accounting simply means determining the
exergy flows and assigning economic values to the exergy
flows. When there are various in- and outflows, the prices may
vary. If the price per exergy unit does not vary too much, we

can define an “average price.” This method alows comparison
of the economic cost of the exergy losses of a system.

Monetary balances of the form (Eq. 14) are formulated for
the total system, and for each component of the system, being
investigated. Exergy accounting gives a good picture of the
monetary flows inside the total system and isaway to analyze
and evaluate very complex installations.

Thermoeconomic accounting does not include consideration
of the system effects. It does not describe how the capital
investments in one part on the system affect exergy losses in
other parts of the system. In the thermoeconomic accounting
method the exergy losses are figures not functions. However,
this simple type of analysis sometimes gives ideas for,
otherwise, not obvious improvements.

Thermoeconomic optimization

Thermoeconomic optimization considers how the capital
investments in one part of the system affect other parts of the
system, thus optimizing the objective function, F, i.e. the
total cost of the system.

The objective function F | should preferably be defined as a
function of state parameters{xj}7, decision variables {y,}, and
decision parameters {z}, i.e.

o =Fo({x}yddz}) (16)

wherej=1, 2,...,n, k=1, 2,...,m,and =1, 2,..., r
The n state parameters are determined from the n equations
of state:

F i ({X|}1{yk} 1{ZI}) J =12,...,n (17)

Thus, the optimization is formulated as follows:

Minimize F ,=F o{x}{y.} .&z}) (18)
Subject to F; ({x;} {y.} {z.})

where the dimension of the decision space is m+r.

The optimization is preferably done by use of computer to
caculate the value of the objective function F_  and the
marginal costs {06,} for every set of the decision variables
{y.}, where the decision parameter {z} are set, according to:

j=12...n (19

DF,
Dy,

From these values anew set of variables {y,} is determined
by using numerical methods. Thus, the system moves towards
the nearest minimum from the given start values. However, if
the problem is strongly non-linear common sense and insight
into how the system works should be used together with
sophisticated numerical optimization methods. We may also
define the marginal costs of exergies to find where exergy
improvements are best paid off in the system.

0, = k=1,2..,m (20)

7 {xj} is abbreviation for X,,X,,%aX,¥a X,
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Optimization versus improvement

Finally, we only want to draw some attention to the differ-
ence between optimization and improvement. Optimization,
in ageneral sense, involves the determination of a highest or
lowest value over some range. In engineering we usually
consider economic optimization, which usually means
minimizing the cost of a given process or product, i.e. we need
a well defined objective function, as in Eq. 15. It is aso
important not to be mislead by a local optimum, which may
occur for strongly non linear relations. Thisis not to be mixed
with improvement, which does not necessary mean that we
optimize a system. Thus, the concept optimization must be
used with caution.

CONCLUSIONS

Exergy is a useful concept since it is a link between the
physical and engineering world and the surrounding
environment. Exergy also expresses the true efficiency of
engineering systems, which makes it a useful concept to find
improvements. Therefor, we strongly recommend that exergy
is used in the design of engineering systems.

Methodologies based on exergetics and economics are
developing, and will soon gain globa acceptance as useful
tools for optimizing the design, operation and maintenance of
energy systems. By adopting the methods of exergy flow
diagrams and L CEA engineering for a sustainable society could
be further realized.
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