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Summary

Energy systems, either stationary (power plants, cogeneration systems, chemical plants,

©Encyclopedia of Life Support Systems (EOLSS)



EXERGY, ENERGY SYSTEM ANALYSIS AND OPTIMIZATION - Vol. | - Exergy, Energy System Analysis and Optimization -
Christos Frangopoulos

air-conditioning systems, etc.) or mobile (propulsion plants, car engines, etc.), consume
large quantities of natural and economic resources. In addition they cause pollution and
degradation of the environment. Therefore, if they are not designed, constructed, and
operated properly, they may cause more harm than benefit to society. In order to
maximize the benefit while keeping the adverse effects under control, a proper analysis
and optimization of the systems has to be performed at all levels: synthesis, design,
operation. Several aspects have to be taken into consideration simultaneously: economic
performance, thermodynamic performance, consumption of resources, and
environmental and social impacts. Proper methods of analysis and optimization are
described in the various articles of this Theme. Exergy, irreversibility, and the second
law of thermodynamics, having global implications, play a pivotal role in these
methods. Thermoeconomics is extended to include sustainability aspects. Artificial
intelligence and expert systems are expected to be of significant help. An overview is
presented here, accompanied with hints about needs for future work.

1. Introduction

For as long as the illusion of affluence prevails, it is difficult for us to admit the
necessity of analysis and optimization of the means by which our needs are satisfied
(not to mention the analysis and revaluation of the needs themselves). As soon as the
illusion is dispelled either by a change in our thinking (internal maturity) or by an
external imposition (e.g. abrupt increase in oil price), then we wake to the problem and
start looking for ways to cope with it.

The scope of this Theme is to reveal a certain class of problems associated with energy
systems and to contribute to attempts at devising means of alleviating these problems.
Energy systems are large and complex structures that consume large quantities of
natural and economic resources. Therefore, if they are not designed, constructed, and
operated properly, they may cause more harm than benefit.

The term “energy system” is used here to mean a system that transforms energy, that is,
from one form to another, of which at least one is useful. Power plants, cogeneration
systems (e.g. combined heat and power systems), propulsion plants, chemical plants,
heating systems, cooling systems, refrigeration systems, and air-conditioning systems
are examples of energy systems. The concept can be broadened to include, on the one
hand, units or systems of energy transfer (e.g. heat exchangers, networks for
transportation of electricity and heat) and, on the other hand, systems for covering
energy needs at the level of a region or a country (e.g. a system with several power
plants and a network that supplies a country with electricity).

The analysis is performed with respect to three main aspects: thermodynamic,
economic, environmental. Other aspects are also necessary (e.g. strength of materials,
reliability of components), but they are not treated in detail in this Theme. In
thermodynamic analysis, which is based not only on thermodynamics but also on heat
transfer and fluid flow, the second law may be used explicitly by means of entropy
generation and exergy. It has been considered necessary to present in the first Topic
Exergy and Thermodynamic Analysis, the concept of exergy, related terms such as
exergetic efficiency, and basic principles of exergetic analysis, because these subjects
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are not widely known. On the contrary, the fundamentals of thermodynamics, heat
transfer, and fluid flow are assumed to be known to the reader and they are not
presented in this Theme.

In the real world, no matter how efficient a system is, most probably it will not be built
and operated if its economic performance is detrimental. On the other hand, energy is
often used for other products or services, the cost of which it affects. Consequently,
there is a need to allocate the various costs of a system to its products (useful energy
forms). For these purposes, procedures of “thermoeconomic analysis” have been
developed, which combine thermodynamics with economics in a systematic way. They
are the subject of the second Topic, Thermoeconomic Analysis.

The main concern of a designer and a manufacturer is to design and build an engine or a
system with a prespecified capacity (e.g. a gas-turbine with a power output of 10 MW).
In the past, simply achieving the prespecified capacity was sufficient, while efficiency
or cost were of secondary importance. Today the task is much more demanding:
achieving the main goal (e.g. capacity) but with the maximum possible positive effects
(e.g. efficiency, revenue, social benefits) and/or the minimum possible adverse effects
(e.g. fuel consumption, costs, environmental degradation). The complexity of the
systems and processes is such that the search for the maximum or the minimum of a
performance criterion may not be performed effectively unless mathematical procedures
known by the general name “optimization” are used. In order for these procedures to be
applied, there is a need to first construct a mathematical model that describes the
performance of the energy system as closely as possible. These subjects are treated in
the third Topic, Modeling, Simulation and Optimization in Energy Systems.

The third Topic deals with what could be called the “classical” approach to the design
and optimization of energy systems. The problem is considered well defined with
respect to both the data and the goals (objectives), and the solution is obtained by
deterministic as well as heuristic methods and algorithms. This approach produces
satisfactory results in many cases, and it has been and still is of invaluable practical
usefulness. However, real-world problems are often not “textbook” problems: though
the goals may be well defined, data are often incomplete and expressed in qualitative
instead of quantitative form; furthermore, the constraints are weak or even vague.
Nevertheless, these cases must be handled by engineers. To help the engineer in this
task, new procedures have been developed under the general denomination of “expert
systems” or “artificial intelligence”. Though not yet mature, the field is promising, and
for this reason it is the subject of the fourth Topic, Artificial Intelligence and Expert
Systems in Energy Systems Analysis.

The transformation and use of energy causes damage to a wide range of receptors
including human health, natural ecosystems, and the environment at large. It is
considered one of the major threats to the sustainability of life on earth. Consequently, it
is imperative to understand, analyze and minimize the adverse effects of constructing
and operating energy systems on the environment and society. A life-cycle approach is
taken, the internalization of environmental externalities is attempted, and the
implications are examined at both the local and global levels. These subjects are treated
in the fifth (last) Topic of the Theme, Sustainability Considerations in the Modeling of
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Energy Systems.

An overview of the subjects treated in this Theme is presented in the following, while
detailed information is given in the particular topics and articles.

2. Historical Evolution of Exergy Analysis
2.1 The Early Years (1824-1900)

The fact that the useful work produced by a certain amount of thermal energy is less
than this energy, even under ideal conditions, was shown by Sadi Carnot, who
published his treatise Reflections on the Motive Power of Heat and Engines Suitable for
Developing this Power in 1824. He also showed that the work produced depends on the
temperature at which the heat is available, that is, on the “quality” of the heat.

Is there any way to express quantitatively (i.e. to measure) the quality of thermal energy
and of any other form of energy? The question seems self-contradictory: quantification
of quality. However, the feeling that such a measure, if it could be defined, could have a
big impact on understanding and analyzing energy conversion processes and systems
gave the impetus to strive to find it. It took nearly 150 years of international effort to
reach a complete formulation of such a measure. It is enlightening to look briefly at the
history of this evolution.

In a series of experiments conducted in the 1840s, James Joule proved the conservation
of energy, which today is generally known as the first law of thermodynamics. The
results were published in the Philosophical Magazine of the Royal Society. The second
law of thermodynamics was based on the aforementioned work by Carnot, with its
subsequent development based on the concept of entropy, introduced by Clausius in
1865. Tait was probably the first to use the term “availability”, when he wrote in
Edinburgh, in 1868: “It is very desirable to have a word to express the availability for
work of the heat in a given magazine”. The first use of the term “available energy” was
made by Maxwell in the first edition of his Theory of Heat, published in Cambridge in
1871. However, Maxwell gives credit for the origination of these ideas to Sir William
Thomson (Lord Kelvin) in Glasgow. In a review of Tait’s Thermodynamics, in 1878,
Maxwell wrote: “Sir William Thomson, the last but not least of the three [Rankine and
Clausius are mentioned as the other two] great founders [of classical thermodynamics],
does not even consecrate a symbol to denote the entropy, but he was the first to clearly
define the intrinsic energy of a body, and to him alone are due the ideas and definitions
of the available energy.”

Kelvin’s own writings appear to make no specific reference either to the term
“availability” or to the term “available energy”. His nearest approach to an analytical
treatment comparable to that developed later by others, is contained in a paper written in
1853, in which he discussed the dissipation of energy in a body initially at nonuniform
temperature. In that paper he introduced the device of using auxiliary reversible cyclic
heat-engines and refrigerators to maintain reversibility.

It seems that Gibbs, in a paper presented to the Connecticut Academy in December
1873, was the first to provide an analytical basis for determining the available energy in
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a given situation. His treatment of the subject is difficult and abstract, and it was left to
Keenan, many years later, to present Gibbs’ results in simple and more practical terms.
On the other hand, a much simpler analysis was published by Maxwell in the fourth
edition of his Theory of Heat, in 1875.

In continental Europe, Gouy and Stodola performed pioneering work on availability. In
Paris, Gouy, who acknowledged the earlier work of the British authors, derived an
expression similar to that deducible from Gibbs’ work, which appears in a paper
presented in March 1889. In November of the same year, he published another paper,
where the concept of “energie utilisable” is introduced; in a footnote, Gouy
acknowledged the earlier work of Sir William Thomson, Tait, and Maxwell, describing
his own work as a “development of the point of view indicated by these English
physicists”, but no mention is made of Gibbs’ work.

Stodola, in Zurich, independently derived the expression that had been derived 23 years
earlier by Maxwell. His derivation was published in a paper, in 1898. In that paper,
Stodola also gave what appears to be the first derivation of the relationship between loss
of work output and entropy generation. In continental Europe, this relationship is often
referred to as the Gouy-Stodola relation, although Gouy’s work did not reach this point
of development.

Further development was slow until the 1930s, when interest in the practical application
of the concepts was stimulated by industrial growth and the advent of new technologies.

2.2 The Period of Development (1930-1980)

The concept of available energy was used by Darrieus in 1930, who defined
“thermodynamic efficiency” as being the quotient of the actual work obtained divided
by the potential work that could be obtained for materials in steady flow. These ideas
were advanced by Keenan in 1932, who gave the name “effectiveness” to the
aforementioned efficiency in order to avoid confusion with other efficiencies (e.g. the
Carnot efficiency). Keenan described the steady-flow availability equation as promising
to be “as revolutionary in its effect on thermodynamic reasoning” as the development of
the steady-flow energy equation had been in its time. Unfortunately, Keenan’s insight
was not shared by others at that time. Many years later, the importance of availability to
the analysis of energy-conversion processes is better recognized elsewhere than in the
countries where the ideas first arose.

In 1956, Rant coined the term “exergy” for availability, which became widely accepted.
The literature on the subject grew exponentially in subsequent years.

Baehr has made a useful review of the concept of exergy. In his review, Baehr gave the
following concise definition of exergy: “Exergy is that part of energy that can be
transformed into any other form of energy”. Szargut appears also to agree on such a
wide application of the term: he defines exergy for a system and for a flow process. In
addition to Rant, Baehr, and Szargut, significant work was also published by P.
Grassman, K. Nesselman, F. Bosnjakovic, and others in German. In Russia, V.
Brodyanskii has contributed significantly to the development of exergy.
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It should be mentioned at this point that, even though the term “exergy” has been widely
accepted worldwide, it is not uniquely defined. Therefore, the reader must determine an
author’s basis for defining this quantity in order to avoid misunderstanding.

In the United States, work on availability (exergy) was initiated by three main groups:

The early work by Keenan was extended by his students, especially G.
Hatsopoulos, as well as by E. P. Gyftopoulos. Their books lead to a much more
fundamental understanding and role for availability or “general available
energy”.

Obert and Gaggioli, with their students (Fehring, Reistad, Wepfer, et al.),
applied available energy techniques to many classes of energy conversion
systems and used available energy costing methods in practical applications.
Tribus combined second-law quantities (entropy, availability, irreversibility)
with economic quantities. With a report published in 1956, he opened the field
of “thermoeconomics”. His students R. B. Evans and Y. El-Sayed took the work
further. Starting with information theory, Evans derived the concept of “essergy”
(a contraction of the words “essential aspect of energy”), and in his Ph.D.
dissertation proved that essergy is the most general measure of potential to do
work, or even more broadly, “departure from equilibrium”, whereas availability
and exergy, in the forms they had appeared in to that time, were special cases.
Today, exergy is defined in the same way as essergy, so it is as proper a measure
of potential to do work as essergy.

After the pioneering work mentioned above, many prominent researchers contributed to
the further development of exergy (or second-law) analysis and the dissemination of its
application. Work in this area is continuing. In order to avoid any unintentional
omissions, no further names are mentioned here; the reader is instead referred to the rich
literature on this subject.

TO ACCESS ALL THE 33 PAGES OF THIS CHAPTER,
Visit: http://www.eolss.net/Eolss-sample AllChapter.aspx

Bibliography

Afgan N. H., Carvalho M. G., and Hovanov N. V. (1999). Energy system assessment with sustainability
indicators. Energy Policy 28, 603-612. [Resource, environment, social, efficiency, and general
sustainability indicators are defined.].

Baehr H. D. (1965). Definition und Berechnung von Exergie und Anergie. Brennstof-Warme-Kraft 17(1),
1-6. [A useful review of exergy and related concepts.].

Bejan A., Tsatsaronis G., and Moran M. (1996). Thermal Design and Optimization, 542 pp. New York:
John Wiley & Sons. [A comprehensive introduction to thermal system design by means of exergy and

©Encyclopedia of Life Support Systems (EOLSS)


https://www.eolss.net/ebooklib/sc_cart.aspx?File=E3-19-00-00

EXERGY, ENERGY SYSTEM ANALYSIS AND OPTIMIZATION - Vol. | - Exergy, Energy System Analysis and Optimization -
Christos Frangopoulos

thermoeconomic analysis and optimization.].

Brodyanskii V. M. (1973). Exergy Method of Thermodynamic Analysis [in Russian]. Moscow: Energiya.
[One of the first books wholly devoted to exergy. It covers a broad range of topics with particular
reference to refrigeration, cryogenic engineering, and distillation processes.].

Clausius R. (1865). Uber versciedene fiir die Anwendug bequeme Formen der Hauptgleichungen der
mechanishen Wérmetheorie [On Several Convenient Forms of the Fundamental Equations of the
Mechanical Theory of Heat]. Poggendorffs Annalen, 125, 390. English translation in Mechanical Theory
of Heat (eds. T. A. Hirst and Van Voorst), London, 1867, p. 357. [The concept of entropy is introduced.].

Darrieus G. (1930). Definition du rendement thermodynamique des turbines a vapeur. Revue génerale de
I’electricite 27, 963-968.

Darrieus G. (1930). The rational definition of steam turbine efficiencies. Engineering 130, 283-285.
[Both Darrieus references represent the first definition of efficiency based on availability.].

El-Sayed Y. M. and Evans R. B. (1970). Thermoeconomics and the design of heat systems. Journal of
Engineering for Power 92(1), 27-35. [One of the first works in optimization of thermal systems by
thermodynamic and economic considerations combined.]

Eschenauer H., Koski J., and Osyczka A. (1990). Multicriteria Design Optimization: Procedures and
Applications, 482 pp. Berlin: Springer-Verlag. [A thorough presentation of the theory and applications of
multi-objective optimization.].

Evans R. B. (1969). A Proof that Essergy is the Only Consistent Measure of Potential Work. Ph.D.
Thesis, Dartmouth College, Hanover, New Hampshire. [A concrete formulation of the most general
expression for what now is known as exergy.] .

Frangopoulos C. A. (1983). Thermo-economic Functional Analysis: A Method for Optimal Design or
Improvement of Complex Thermal Systems. Ph.D. Thesis, Georgia Institute of Technology, Atlanta, Ga.
[Function here is the properly defined purpose (or product) of a unit or of the energy system. Based on
this concept, a method is proposed for the analysis and optimization of energy systems. Decomposition
and thermoeconomic isolation are two special cases of the optimization problem.] .

Frangopoulos C. A. (1990). Intelligent functional approach : a method for analysis and optimal synthesis-
design-operation of complex systems. A Future for Energy. Proceedings of the Florence World Energy
Research Symposium, Florence, Italy, May 28-June 1 (eds. S. S. Stecco and M. J. Moran), pp. 805-815.
Oxford, UK: Pergamon Press. [A method is proposed for solution of the optimization problem at three
levels simultaneously: synthesis, design, and operation. Decisions based on the Lagrange multipliers
facilitate the solution significantly.].

Frangopoulos C. A. and von Spakovsky M. R. (1993). A global environomic approach for energy systems
analysis and optimization - Part I, Il. Energy Systems and Ecology ENSEC ‘93 (eds. J. Szargut et al.),
Cracow, Poland, July 5-9, pp. 123-144. [One of the first attempts to take scarcity of natural resources and
environmental pollution quantitatively into consideration in the analysis and optimization of energy
systems.].

Gaggioli R. A. (1962). The concepts of thermodynamic friction, thermal available energy, chemical
available energy and thermal energy. Chemical Engineering Science 17, 523-530. [A contribution to the
formulation and clarification of available energy-related concepts.].

Gaggioli R. A. and Petit P. J. (1977). Use the second law, first. Chemtech 7, 496-506. [The importance of
explicitly applying the second law of thermodynamics in energy systems analysis is highlighted.].

Gaggioli R. A. and Wepfer W. J. (1980). Exergy economics. Energy: The International Journal 5, 823—
837. [Cost accounting and benefit—cost analysis of energy systems and conservation techniques based on
exergy.].

Georgescu-Roegen N. (1971). The Entropy Law and the Economic Process, 457 pp. Cambridge, Mass.:
Harvard University Press. [Elements from mathematics, biology, physics, and social sciences are
brilliantly drawn into the economic theory, opening up fertile new directions of thought.].

Gibbs J. W. (1873). A method of geometrical representation of the thermodynamic properties of
substances by means of surfaces. Transactions of the Connecticut Academy of Arts and Sciences 382 1.

©Encyclopedia of Life Support Systems (EOLSS)



EXERGY, ENERGY SYSTEM ANALYSIS AND OPTIMIZATION - Vol. | - Exergy, Energy System Analysis and Optimization -
Christos Frangopoulos

Also: The Collected Works of J. Willard Gibbs. London: Longmans Green, 1928 I. [The first introduction
of an analytical basis for determining the availability.] .

Gouy M. (1889). Sur les transformations et I’équilibre en thermodynamique. Comptes Rendus des
séances de I’Academie des Sciences 108, 509. [Derivation of an expression similar to the one derived by
Gibbs for available energy.] .

Gouy M. (1889). Sur I’energie utilisable. Journal de Physique 8 (2nd series), 501-518. [The concept of
“energie utilisable” is introduced.].

Gyftopoulos E. P. and Beretta G. P. (1991). Thermodynamics: Foundations and Applications, 658 pp.
New York: Macmillan. [A novel exposition of the foundations of thermodynamics supplemented with
applications. It is shown that thermodynamics is indeed nonstatistical in nature and applies to both
macroscopic and microscopic systems either in a state of thermodynamic equilibrium or not in
equilibrium.].

Haywood R. W. (1974). A critical review of the theorems of thermodynamic availability, with concise
formulations. Part 1: Availability. Part 2: Irreversibility. Journal of Mechanical Engineering Science 16,
160-173, 258-267. [In addition to the concepts and definitions, it provides valuable historical information
for the development of availability and exergy, in particular in the early years.].

Keenan J. H. (1932). A steam chart for Second Law analysis. Mechanical Engineering 54, 195-204.
[Efficiency based on availability is defined and it is given the name “effectiveness”.].

Keenan J. H. (1941). Thermodynamics, 507 pp. New York: John Wiley & Sons [reprinted by MIT Press,
1970]. [Formulation of the availability in simple and practical terms.].

Keenan J. H., Gyftopoulos E. P., and Hatsopoulos G. N. (1974). The fuel shortage and thermodynamics—
the entropy crisis. Energy: Demand, Conservation and Institutional Problems (ed. M. S. Macrakis), pp.
455-466. Cambridge, MA: MIT Press. [A second-law perspective of what was called “energy crisis”.].

Kotas T. J. (1995). The Exergy Method of Thermal Plant Analysis, 328 pp. Malabar, Fla.: Krieger
Publishing Company. [Reprinted with corrections and additions to the first edition of 1985. A simple
presentation of the theory combined with numerical examples helps in understanding exergy and the way
it can be applied.].

Maxwell J. C. (1871). Theory of Heat. London: Longmans Green. [The first use of the term “available
energy”.].

Maxwell J. C. (1878). Tait’s Thermodynamics. Nature 17, 278. [A review of the book by Tait. Credit is
given to Sir William Thomson for the origination of the idea of available energy.].

Moran M. J. (1989). Availability Analysis: A Guide to Efficient Energy Use, 260 pp. New York: ASME
Press. [Corrected edition of a book initially published in 1982. The concept of availability (exergy) is
presented and it is shown how it can be used as a guide for improving energy efficiency of systems and
processes.] .

Munoz J. R. and von Spakovsky M. R. (2000). The use of decomposition for the large scale
thermoeconomic synthesis/design optimization of highly coupled, highly dynamic energy systems—
theory and application. International Mechanical Engineering Congress and Exposition, IMECE 2000,
American Society of mechanical Engineers (ASME), AES-Vol. 40, 213-249. [It shows the physical and
mathematical characteristics of the two special cases of the optimization problem (decomposition and
thermoeconomic isolation), outlining the conditions under which decomposition leads to a global
solution. It is demonstrated that a close approach to the ideal condition of thermoeconomic isolation is
achieved.].

Rant Z. (1956). Exergie, ein neues Wort fiir technische Arbeitsfahigkeit. Forschung auf dem Gebiete des
Ingenieurwesens 32(1), 36-37. [The term “exergy” is coined by Rant and it is going to prevail over the
other terms for the same concept, which have appeared throughout the years.].

Rao S. S. (1996). Engineering Optimization: Theory and Practice, 3rd edn, 903 pp. New York: John
Wiley & Sons. [One of the classical texts on engineering optimization. A good coverage of both theory
and applications.].

Reistad G., Gaggioli R. A., and Obert E. (1970). Available energy and economic analysis of total energy

©Encyclopedia of Life Support Systems (EOLSS)



EXERGY, ENERGY SYSTEM ANALYSIS AND OPTIMIZATION - Vol. | - Exergy, Energy System Analysis and Optimization -
Christos Frangopoulos

systems. Proceedings of the American Power Conference 32, 603-611. [A contribution to
thermoeconomic analysis of energy systems producing more than one useful form of energy from the
same primary energy source.].

Rifkin J. with Howard T. (1980). Entropy—A New World View, 305 pp. New York: The Viking Press. [A
very articulate and comprehensive book on the broad implications of the second law of thermodynamics
on the environment and the society.].

Sciubba E. and Melli R. (1998). Artificial Intelligence in Thermal Systems Design: Concepts and
Applications, 274 pp. Commack, New York: Nova Science Publishers. [A well-written introduction to the
application of artificial intelligence techniques for design, monitoring, and control of energy systems.].

Shannon C. E., McCarty J. and Ross A. W. (1956). Automata studies. Annals of Mathematic Studies 34.
Princeton, NJ: Princeton University Press. [The first reference to the concept of artificial intelligence.].

Stodola A. (1898). Die Kreisprozesse der Gasmachine [gas engine cycles]. Zeitschrift des VDI 42(38),
1045-1052 and no. 39, 1086-1091. [Derivation of the relationship between loss of work output and
entropy creation.].

Szargut J. (1967). Grenzen flr die Anwendungsmdglichkeiten des Exergiebegriffs. Brennstoff-Warme-
Kraft 19(6), 309-313. [Exergy for a system and for a flow process is defined.].

Szargut J., Morris D. R., and Steward F. R. (1988). Exergy Analysis of Thermal, Chemical and
Metallurgical Processes, 332 pp. New York: Hemisphere ‘Publishing/Berlin: Springer-Verlag. [The
concept of exergy and its application to thermal systems, chemical and metallurgical processes are
presented. Worked examples and example problems are included.].

Szargut J. and Petela R. (1965). Egzergia [in Polish]. Warsaw: Wydawnictwa Naukowo-Techniczne. [The
first book wholly devoted to exergy. It deals with power plants and metallurgical processes.].

Tait P. G. (1868). Sketch of Thermodynamics. Edinburgh: Edinburgh University Press. [Probably the first
use of the term “availability™.].

Thomson W. (1853). On the restoration of mechanical energy from an unequally heated space.
Philosophical Magazine 5, Series 1V, 102-105. [Discussion of the dissipation of energy in a body initially
at nonuniform temperature.].

Tribus M. et al. (1956). Thermodynamic and Economic Considerations in the Preparation of Fresh Water
from Sea Water. First Draft, UCLA Report No. 56-16. Los Angeles: University of California at Los
Angeles. [The field of “thermoeconomics” is created.].

Tribus M. and Evans R. B. (1962). A Contribution to the Theory of Thermoeconomics. UCLA Report No.
62-36. Los Angeles: University of California at Los Angeles. [The beginning of a concrete formulation of
“thermoeconomics™.].

Tsatsaronis G. (1993). Thermoeconomic Analysis and Optimization of Energy Systems. Progress in
Energy and Combustion Science 19, 227-257. [A thorough review of the development, the state of the art
at that time, and applications of exergy analysis and thermoeconomics.].

Tsatsaronis G. and Winhold M. (1985). Exergoeconomic analysis and evaluation of energy conversion
plants. Part I: A new general methodology; Part 1I: Analysis of a coal-fired steam power plant. Energy
10(1), 69-94. [A method of combined exergetic and economic analysis is proposed, based on the fuel-
product approach.].

United Nations Department of Economic and Social Development (1992). Handbook of National
Accounting, Integrated Environmental and Economic Accounting. New York: UNDESD. [It establishes a
framework of sustainability analysis based on both monetary and physical magnitudes.].

United Nations Department of Economic and Social Development (1993). Integrating Environmental and
Economic Accounting. New York: UNDESD. [One of the first attempts to create an internationally
recommended manual of environmental accounting.].

Uno K. (1995). Environmental Options: Accounting for Sustainability, 419 pp. Dordrecht, The
Netherlands: Kluwer Academic Publishers. [The interrelations among technology, economy, society, and
the environment are examined and a series of analyses regarding the impact of human activities on the
environment are carried out.].

©Encyclopedia of Life Support Systems (EOLSS)



EXERGY, ENERGY SYSTEM ANALYSIS AND OPTIMIZATION - Vol. | - Exergy, Energy System Analysis and Optimization -
Christos Frangopoulos

Valero A., Lozano M. A. and Munoz M. (1986). A general theory on exergy saving. Part I: On the
exergetic cost; Part 1l: On the thermoeconomic cost; Part Ill: Energy saving and thermoeconomics.
ASME Winter Annual Meeting. AES-Vol. 2-3, pp. 1-21. New York: ASME. [A systematic theory on the
problem of costing in energy systems and on thermoeconomic analysis. The fuel-product-residue (F-P-R)
approach is proposed.].

Valero A. and Torres C. (1988). Algebraic thermodynamic analysis of energy systems. ASME Winter
Annual Meeting. AES-Vol. 7, pp. 13-23. New York: ASME. [For a given thermal system, an algebraic
formula can be developed, which relates exergy streams to efficiency of the subsystems and bifurcation
relations. Symbolic software packages are used.].

von Spakovsky M. R. and Evans R. B. (1993). Engineering functional analysis—Parts I, Il. ASME
Journal of Energy Sources Technology 115, 86-99. [A further development of thermoeconomic
functional analysis. Decentralization of the optimization problem is sought, which permits more rapid
solution and greater system improvement.].

Wilson W. A. (1957). An analytic procedure for optimizing the selection of power plant components.
Transactions of the ASME, July, pp. 1120-1128. [One of the first publications (if not the first one) on
optimization of thermal systems.].

World Commission on Environment and Development (1987). Our Common Future. Oxford, UK: Oxford
University Press. [Sustainable development is defined.].

Biographical Sketch

Christos A. Frangopoulos is Professor at the Department of Naval Architecture and Marine Engineering,
National Technical University of Athens (NTUA), Greece. He received the Diploma in Mechanical and
Electrical Engineering from the NTUA in 1971. After his military service (1971-1973), he worked as
Superintendent Engineer of ship-owning companies, and as Head of the Diagnostic Center of a ship
repairing company in Greece (1973-1979). He performed graduate studies in Mechanical Engineering
with major in Thermal Sciences at the Georgia Institute of Technology, Atlanta, Ga., United States,
leading to the M.Sc. degree (1980) and Ph.D. degree (1983). He joined the Department of Naval
Architecture and Marine Engineering (NTUA) as a faculty member in 1985. He lectures on marine
engineering, as well as marine and land-based energy systems in both undergraduate and
interdepartmental graduate courses. His research activity is related to the development and application of
methods for analysis, evaluation, and optimal synthesis, design, and operation of energy systems (power
plants, propulsion plants, heat recovery systems, cogeneration systems, etc.) by combining
thermodynamic, economic, and environmental considerations. Second law (exergetic) analysis and
internalization of environmental externalities are two particular subjects of this work. He has often given
invited lectures on the results of his research in several countries. Among his publications are more than
40 papers in journals and international conferences and one book on cogeneration (in Greek).

©Encyclopedia of Life Support Systems (EOLSS)



