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EXERGY — A USEFUL CONCEPT

Goran Wall

Physical Resource Theory Group

Chamers University of Technology and University of Goteborg
S-412 96 Goteborg, Sweden

Abstract: This thesis demonstrates the usefulness of the exergy concept for
analyzing systems which convert energy, material and/or information, e.g., a society or an
industrial process. The first paper, Exergy — a Useful Concept within Resource
Accounting, deals with the theory of exergy in anew and smpleway. Exergy is applied to
matter, isrelated to other thermodynamic potentials and to information theory.

Paper |1, Exergy Conversion in the Svedish Society, presents, in terms of exergy, the
conversions of energy and material resources in the Swedish society in 1980. Necessary
concepts and conventions are introduced. Exergy losses in transformations of material
resources and in conversions of various forms of energy into heat are described in some
detail. Compared to the situation in 1975, described in Paper |, the change is mainly the
increased use of nuclear power and the decreased use of fudl oil.

Paper |11, Exergy Flows in Industrial Processes, describes the exergy flowsin a pulp
and paper mill and in astedl plant. Steam data are calculated on a micro-computer with the
accuracy of ordinary steam tables. Also, a ssmple method for calculating the exergy of
different substances is presented. For the purpose of comparison, the Swedish house
heating system is described using the exergy concept. The energy and exergy prices of
several common energy forms are aso compared.

Thermoeconomics is an effective method of making technical systems efficient by
finding the most economical solution within the limits of the technically possible. At the
sametime it may indicate how research and technical development should be directed. In
Paper |V, Thermoeconomic Optimization of a Heat Pump System, a simple heat pump
process is chosen as an example to illustrate the method. The physical treatment of the
refrigerant and the optimization of the system is done with a specialy developed computer
program. The result shows, among other things, that the driving source should be made
more efficient, thus saving both money and exergy.

Keywords: Exergy, resource conversion processes, applied thermodynamics,
thermoeconomics, energy analysis, efficiency, processing industry, energy management,
cost engineering.
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Preface

This thesis treats the exergy concept and its applications to technical and societa
systems. The purpose is to develop descriptive methods which are based on fundamental
theory and to show their usefulness in different applications. The exergy concept often
impliesanew picture of energy and material conversion systems. The concept is not new
but for along time it was nearly forgotten. Asis shown by the large number of publications
during the last years it has now been rediscovered. One reason for this is the increasing
interest in efficient energy techniques deriving from the problems related to energy use in
the society. Exergy is a concept originating from an engineering problem. It isby now a
firmly established concept in physics with well-defined relations to the information concept
of information theory. That it takes time for aless familiar concept to be understood and
accepted is shown by the fact that still to-day there is opposition against using exergy
instead of energy in physical descriptions of resource conversions.

Hopefully, this thesis demonstrates the importance of the exergy concept for analyzing
systems which convert energy, materials and/or information, e.g., asociety or an industrial
process. The large losses which are revealed in an exergy treatment of a process should be
seen not as an insurmountable obstacle but as a challenge to achieve technical
improvements. | hope that the exergy concept will reach further understanding and
acceptance within science and education, research and development in the society.

I will here express my gratitude to al of those who have made this work possible. |
will name some of them in particular. Karl-Erik Eriksson has always been of great help in
many respects. Bjorn Eriksson and Kéare Olsson inspired the early tentative steps in this
work. Sten Karlsson has, throughout the years, closely watched and criticized my work.
Myron Tribus and Y ehia El-Sayed guided me into my present field of research during my
stay at Massachusetts Institute of Technology. The financial support of the Energy
Research and Development Commission, the National Swedish Board for Technica
Development, the Swedish Natural Science Research Council, and the Swedish Council for
Planning and Coordination of Research is gratefully acknowledged. Finally, | am deeply
grateful to my wife Kerstin for her help and patience.
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1. INTRODUCTION

On the 18th of November, 1975, an article by Hannes Alfvén was published in the
Swedish daily newspaper Svenska Dagbladet. The headline of the article was “Exergy
report may create a new energy policy”. The report that he was referring to was a
preliminary draft of a paper (B. Eriksson, K.-E. Eriksson, K. Olsson, and G. Wall 1976),
and asummary of this paper was published in the same newspaper on the 6th of December,
1975 (B. Eriksson, K.-E. Eriksson, K. Olsson, and G. Wall 1975). In his article, Alfvén
compared the energy accounting, irrespect of different energy values, with a cashier
counting his cash only by the number of coins or notes, and neglecting their value. This
comparison has astriking similarity with what is happening in the energy description of a
space heating system. Here one describes the exchange of an “one hundred kronor note”
(SEK 100), i.e, €electricity, into a “five kronor coin” (SEK 5), i.e, heat at indoor
temperature, asif their value did not matter. Unfortunately, the pedagogical content of these
newspaper articlesis still as much relevant as it was eleven years ago.

Few areas of science and technology have been so closely related to public debate as
energy research. Since the 1973 oil price rise the debate on new energy sources, energy
conservation, and energy-environment relations has continued. Recent events, such as the
nuclear power plant accident in Chernobyl and the increased effects of acid rain on forests,
have put new fuels into the debate. No simple solutions exist, mainly because the situation
is strongly related to the goals of the modern society. Large use of energy and material
resources based on mineral exploitation, with today’ s technology, cannot continue together
with a healthy environment. This situation can only be changed by changing the aims and
the direction of today’ s society. Fundamental scientific concepts and methods to describe
reality must play an important part in this process of change. Some ideas are presented in
thisthesis.

Chapter 2 gives a short description of physical resource theory, a new scientific field
which has connections to several other research fields, such as physics and economics.
This description also gives a background to the research area covered in thisthesis.

Chapter 3 describes the milestonesin the development of the exergy concept, which is
further treated in the first paper of the thesis, Exergy — a useful concept within resource
accounting, described in Chapter 4. Paper | also includes a first attempt to apply exergy to
the energy and material resource conversion system of a society (Sweden 1975). This
application has been developed further (Wall 1978 a, 1978 b, and 1983 b) in Paper II,
Exergy conversion inthe Swvedish society, which is also described in Chapter 4. In order
to give a historical perspective of today’s resource use in Sweden | have also included a
description of the situation in Sweden in 1920 (Wall 1982).

Chapter 5 (Papers 11 and 1V) presents two rather straightforward applications of the
exergy concept to technical systems. Paper |11, Exergy flows in industrial processes, isone
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example of how industrial processes could be described in terms of exergy and what the
benefit would be of such a study. The paper includes all necessary tools, even lists of
computer programs. Paper 1V, Thermoeconomic optimization of a heat pump process, goes
a bit further in its analysis by including economic objectives. This is an important
improvement, since it immediately answers the question: Is a particular technical
improvement also economical? The method is basically ssmple, but, applications to real
systems imply large and sometimes even impassabl e obstacles. Numerical treatment may
partly solve this problem, asis shown in the paper.

Also, abibliography is added as a step towards the development of a data base in this
field.
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2. PHYSICAL RESOURCE THEORY1

2.1. Definition

In nature there are physical systemswhich process ener gy and variousmaterials and
which thereby build up and maintain or der ed structures. Examples of such systems are
living organisms and ecosystems with living organisms in interplay with one another and
with the non-living environment. Also in human settlements and societies a similar
conversion of energy and materialsis taking place.

Structural organization in matter is most appropriately described in infor mation-
theoretical terms. Furthermore, the systems often have control systems which process
information. Thisinformation is physically tied to relatively small amounts of energy and
matter. An important exampleis the genetic information in living organisms.

Energy, materials, and information will in this context be denoted by the common term
physical resour ces.

Physical resource theory is the science dealing with physical resources and their
conversion in various systems. The systems can be societal (e.g., technical, such as energy
conversion systems or an industrial process), geophysical (e.g., the atmosphere or a
mineral deposit), or ecological (e.g., an ecosystem or an organism). Specia attention
should be given to the conversion of physical resourcesin societal systems. This has to be
studied with reference to human needs, availability of resources and the possibilities of
incorporating these conversionsin the natural system. Another important task for physical
resource theory is to develop methods to optimize resource conversion processes. The
systems are described and analyzed by means of the methods of mathematics and the
natural sciences.

2.2. Why physical resource theory ?

2.2.1 Questions that arise within science

Thus, physical resource theory deals with questions that arise within science itself and
with problemsin connection to the resource handling of the society.

Never before in the history of science have macr ocosmos and microcosmos been
so intimately tied together. There is as yet no complete theory of elementary particles,
and structures of dimensions from 10-19m down to 10-35m till remain to be

T This chapter is arevised version of an early description of this field (Eriksson, Islam, Karlsson, M&nsson,
Peressutti, and Wall 1981)
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explored. (The smallest dimensions may be inaccessible to observation due to difficultiesin
achieving the enormous energies needed to penetrate into this region.) Even if new and
surprising phenomena are observed they will not separate the physics of microcosmos from
that of macrocosmos but rather tie them more strongly together in an effort to understand
the beginning of the universe.

A frontier of physics which is becoming increasingly important, besides the
microcosmos and the macrocosmos, is the physics of the complex. This could involve
branches of physics that have become sciences of their own, e.g., atomic and molecular
physics, solid state physics, nuclear physics, astrophysics. However the frontier which
may change scientific thinking most is rather the physics of self-or ganizing systems.

Prigogine (1980) also uses the term “dissipative  structures’ to denote self-
organizing systems, thereby indicating that such systems dissipate energy to build up new
structure. Haken (1980 ed., 1983, and 1984) has shown how many degrees of freedom are
tied to (“slaved by”) afew degrees of freedom, described by a few “ ordeparameters’.
Structure may also be described in information theoretical terms: dissipative structures
create new information while dissipating energy. Dissipation of energy can also be
described as consumption of exer gy, i.e., of energy weighed according to quality. Thus
dissipative structures use exergy as an “input” to produce structure/information. Some of
the exergy istied to the structure, some is consumed in the process.

Since information increases, dissipative structures are inherentlyindeterministic, the
information content of a system at one time is in general insufficient to predict the state of
the system at later times. Small unpredictible fluctuations may have a decisive influence on
the whole system. The system builds “ order through fluctuations’ (Prigogine 1980).

Exergy can thus be destroyed (“consumed”) but not created — except at a cosmic scale
due to changing local equilibrium conditions in a changing universe (Eriksson, Islam, and
Skagerstam 1982). This is a consequence of the second law of thermodynamics. All this
means that exergy is the resource, consumed by dissipative structures that use exergy to
produce structure/infor mation, as well as by decaying structures or non-structured
systems which go towards equilibrium or towards a stationary state. “ Structure” is here a
gpatial or temporal order describable in information-theoretical terms (Eriksson and
Lindgren 1986).

There is a good reason why exergy should be used as a resource measure rather than
negentropy, as has often been suggested. The reason is that mechanical work W is pure
exergy E, E = W, whereas the negentropy = contained in work depends on the ambient
temperature Ty, = = WIT,,. It is aso convenient to use a concept that isdirectly related to
mechanical work.

2.2.1.1. The origin of resources and their conversion in various systems

According to the current theory of the origin of the universe, at 0.01 second after the
start (the Big Bang) thermal equilibrium prevailed everywhere. The exergy was zero, since
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in the absence of any gradients no work could have been extracted. Now the situation is
different. In an overall cold and thin gas very hot and dense bodies like our sun move
around. There is now exergy. The water cycle of the earth uses the sun as a boiler and the
Space as a cooler to extract work. There are many levels on which resources are converted
and exergy is consumed: galaxies, quasars, stars (including super novas).

When did this exergy arise, and how? The answer is that the cosmic exergy is mainly
nuclear and that its creation started during the first three minutes described by Weinberg
(1977) and Eriksson, Islam, and Skagerstam (1982).

Our planet isitself a resource converting system. Several subsystems can be identified
and they are worth special studies: the interior of the earth and the crust of the earth, its
surface and the atmosphere. The last two systems are of particular interest since they
contain the life-supporting system, the biosphere, which includes the water cycle and other
similar cycles and in which the human society is embedded. Next come ecosystems and
their populations of various species. Finaly we come down to the metabolic cycles of the
living cell.

At al levelsthereis creation of information. For instance, the solar radiation impinging
on the earth is aphoton gas very near equilibrium and containing very little information in
the sense that it is very simple to describe (Chaitin 1979). (We disregard here the
information on the sun’s surface which isirrelevant for this context.) But the solar radiation
is much hotter than the earth’ s surface, it hasrelative to the earth alot of exergy. And out of
this exergy (information capacity) comes new information in a continuous coding process —
atruly creative process. Most of the systems that use the terrestrial exergy have long been
studied within the natural sciences. Such studies include the turn-over and transfer of
energy and matter (materials) and accumulation of information in the systems under study.
However, a consistent accounting, exergetics, seems to be lacking in most of the relevant
study areas.

Human societies are — among many things — also physical systems, converting
resources. To view them as such istherefore avalid point of view, see Section 2.2.2.

2.2.1.2. Various forms of resources

So far, we have been discussing resource-converting systems. In order to understand
those it is necessary to have a clear picture of the relations between physical quantities
within agiven system. Thisis necessary before systems studies can be made successfully.
We shall now focuson the exergy concept’s relation to various forms of resources and to
other physical quantities.

Even the simplest forms of energy, mechanical energy and heat, have not been studied
in detail until recently with regard to this relationship. However other energy forms are in
greater need of study with respect to their convertibility into work. Such studies are
included in what we call exer getics (Eriksson 1982 a). The following areas are then of
importance:
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» Exergetics of systemswith various equations of state, in particular radiation (Karlsson

1982 a)

« Exergetics of solids and fluids (Mansson 1981)

e Chemical exergetics (Mansson 1985 a)

* Nuclear exergetics

» Applicationsto living systems, the atmosphere (Karlsson 1982 b), the earth’s crust
Such work also serves the purpose of giving a more firm physical foundation to the

description of societal resource conversions, see Section 2.2.2, where uncertainties and

ambiguities clearly have political implications.

2.2.1.3. General thermodynamic and information-theoretical problems

The concepts and relations of statistical mechanics and information theory are
so genera that they may be applied to alarge class of systems irrespective of the details of
those systems. This opens the possibility of combining statistical mechanics/ information
theory with another general theoretical framework, system theory, into a generd
description of resource-converting systems, e.g., ecological systems (Eriksson and
Kaberger 1984). The above-mentioned work on self-organizing systems, caled
syner getics by Haken, is of great importance here. Relevant concepts and models have
also been devel oped within ecology and economics. It would be very valuable if one could
develop a smple diagrammatic description of resource-converting systems.

The following questions naturally arise within this context (system exer getics):

» How should one characterize basic system components and their functions?

» How should one characterize forms of exergy consumption?

e What isthe minimum exergy consumption for a steady or cyclic process which runs at
acertain speed?

* What is the minimum exergy cost of information transfer, given the speed and the
required accuracy? (Bennet and Landauer 1985)

* What isthe exergy cost and the information gain when macroscopic order is created in a
dissipative structure? (Eriksson and Lindgren 1986)

2.2.1.4. A comment

The above discussion may give the impression that physical resource theory covers
almost everything. In a way this is also true — as it is true that physics covers almost
everything. But then one must bear in mind that this can only be so because the aspect is
very limited. Physics can deal with such awide realm of phenomena only by choosing one
or afew very limited general aspects. The same is true for physical resource theory. The
arguments given here support the view that those limited aspects are relevant tothenatural
sciences We shall now argue that they are also relevant for the description and
understanding of processesin society.
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2.2.2. Questions that arise within society

As stated already, a society may —among many other things — be viewed as a physica
system. As such it is embedded in and draws its resources from one or several natural
systems.

During the 1970’ s it became increasingly clear that what is commonly called “energy” is
a crucia resource for a society. Whereas matter is conserved (disregarding radioactive
decays and nuclear reactions, the chemical elements are conserved) and, in principle,
possible to use over and over again, energy, although it is aso conserved, can be used only
up to a point where it has lost its quality. Also degradation or spreading out of matter
(materias) can easily be described in exergy terms.

The intimate connection between “ energy” and materials is obvious in a variety of
Cases:

» The competitive use of the same resource, as amaterial or asafud.

* The large energy use in industrial countries for the processing industry and for
trangportation of materials.

» Energy savings from better — and better use of — insulation materials.

» The maximum temperature, and thus the Carnot efficiency, in the conversion from heat
towork, asin asteam turbine, islargely a problem of materia properties.

» Agricultural land may carry energy crops or fiber crops aswell asfood crops.

If resources are so closely tied together it seems reasonable to try to study them within a
unified theoretical framework.

In the discussion above, we have tried to outline such a framework and describe its
place among other natural sciences. We have also discussed questions that arise, and
possible applications of the answers to those questions or the methods devel oped.

What can be of interest in asocietal context are those applications that refer to natural
systems and processes which are of great importance to the society or those which concern
various components of the society’ s resource system. Methods devel oped and tested within
anatural science context may a so be useful when applied to the society.

Exergy has to be spent in any process which takes place at a non-zero rate. The exergy
exspenditure can —to alarge extent — be steered by will. Exergy is thus a physical measure
of the action potential of the one (or those) who command it. Clearly it is by no means a
complete measure. Availability of efficient technical equipment aswell as relevant know-
how and rational organization are of great importance, and the action potential may,
accordingly, involve the option to invest in equipment, know-how, or organization.

This comment, although very sketchy and incomplete, indicates that exergy is a concept
of high relevance to economics. Since exergy is a measure of contrast within a system or
between a system and a given environment it comes very close to a measure of value. (With
this measure, environmental disturbances like pollution have an immediate exergy cost,
since the contrast is reduced when thereis partial mixing (between different systems).)
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2.2.2.1. Resources within an economy

It isan important task for physical resource theory to develop useful physical methods
for describing stocks and flows of resources within an economy, including the flows in
and out of it and the transformations within it.

Although basically physical, such descriptions should be designed to be as consistent
as possible with economic terminology. In the literature, various degrees of crudeness or
fineness have been applied in the characterization of resources. One approach to thisis the
method known as energy analysis (Johansson and Lonnroth 1975, Thomas 1977,
Gilliland 1978, and Chapman and Roberts 1983). In our case it would rather be an exer gy
analysis (B. Eriksson, K.-E. Eriksson, Olsson, and Wall 1976 and Wall 1977), which
would use the results of the system exer getics (Grubbstrom 1980 and Eriksson 1982 b
). A general description method could probably be devel oped, which can be used to achieve
an arbitrary fineness in the resource characterization.

Since the society draws its resources from and returns residuals to some natural
system, some descriptions of the natural system or parts of it should be included.

2.2.2.2. Resource use over time

During the 1970's, economists, inspired by the big world models, discussed
intensively how to describe and optimize resource use over time, and many models were
designed for the handling of this problem (Meadows and Meadows 1972 and 1977). As
pointed out by, e.g., Ayres (1978), the physical constraints on the efficiency have not
always been properly taken into account in this modelling.

This sort of work is nevertheless important as a basis for the discussion on resource
planning. One problem, besides physical constraints, that needs further elaboration is the
interplay between non-renewable and renewableresources. There are also many questions
that could be given new answers in this context and which should therefore be open to
discussion:

» Should the future really be discounted?

» How should utility be defined?

»  Should some absolute limits be set (ecologica limits, basic needs fulfilled)?

» Could the models be further disaggregated but still remain possible to handle?

2.2.2.3. Efficiency in resource use

The usefulness — or the utility — of certain goodsis not directly a function of the goods
themselves but rather of the services that they can provide. For a given set of services or
functions, one can then analyze its costs in terms of exergy and materials or labour.
Various ways to provide the same set of services may then be compared, and their technical
and organizational efficiency may thus beevaluated. For instance, the same indoor climate
may be achieved in several ways at widely different resource costs.
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Dueto structural, administrative, or legisative restrictions, or even lack of imagination,
the optimal way may often not be able to compete on a market. One aim in a study of
organizational efficiency is to provide information which cannot be transferred by the
market. We may also look for and take into account constraintsfromecological or ethical
limits. An important problem is to minimize resource costs for agiven set of services under
such constraints.

2.3. Relations to other fields

Physical resource theory, originating from physics, has to process knowledge from
many fields of science. The main sources of theory are statistical mechanics, system
theory, including syner getics (the theory of self-organizing systems, Haken 1980 ed.,
1983, and 1984), and economics (see Fig. 2.1). In order to investigate different systems
one also has to collect information from other branches of physics and other natural
sciences.

With human ecology (Eriksson, Islam, and Tengstrom 1981 and Tengstrom 1985)
therelations are a bit different. Human ecology is the study of the interactions between man
and hig/her total environment. The relations between a society and its natural environment
is of fundamental importance. So are the relations between societies. A study of this kind
must be interdisciplinary in abroad sense. A close cooperation and integration is necessary
between natural sciences on one side, and socia sciences and humanities on the other. The
two sciences have similar aims, and the conceptual problems are partly the same in both
sciences. Human ecology is the one with the broader scope, and physical resource theory is
the one which is more method-oriented. Physical resource theory could serve as an
auxiliary science to human ecology, and human ecology could help setting values to be
applied in physical resource theory. The integration of knowledge and the development of
concepts should be done in close collaboration between the two.

Although thereis no arrow in the chart back into the economic box, one may hope that
developments in physical resource theory will lead to results which benefit economics.
Work by Grubbstrom (1980) and Mansson (1985 b) indicate this.

Systems analysis has a very wide definition (Patten 1971, Pantell 1976, Bell et a.
1977, and Bennet and Chorley 1978) and is more related to engineering and socid
sciences. However, several of the methods and applications used in physical resource
theory also play arolein systems analysis (Wall 1981, 1983 a, and 1985).

Thermoeconomics, which is described in Chapter 5, is strongly related to exergy
analysis and applied exergy analysis (El-Sayed and Tribus 1983, Wall 1985 and 1986).

The boxes in Fig. 2.1 are marked with numbers indicating where the papers in this
thesis belong.
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Fig. 2.1. Schematic chart of physical resource theory and related fields.
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3. DEFINITION OF THE CONCEPT OF EXERGY

In 1824, the French engineer Sadi Carnot published a relation between heat and work
which later resulted in the formulation of the second law of thermodynamics. J. Willard
Gibbs was the first to express the general relation for work as early as 1873.

“Wewill first observe that an expression of the form

-+ TT] -Pv+ M1m1+ M2m2 . Mnmn

denotes the work obtainable by the formation (by a reversible process) of a body of which
g, M V, My, My, ... m, are the energy, entropy, volume, and the quantities of the
components, within a medium having the pressure P, the temperature T, and the potentials
M1, My, ... M. (The medium is supposed so large that its properties are not sensibly
altered in any part by the formation of the body.)”

Not until 1953 did Z. Rant suggest the name exergy.

“Aus diesen Forderungen geht hervor, dai3 ,ie* die zweckmaldigste Nachsilbe sein
wird. Daes sich bei dem untersuchten Begriff um eine Arbeit handelt, muf3 als Stammsilbe
(alsgenus proximum) das griechische Wort erg (on) hierfir erscheinen. Nun ist noch die
richtige Vorsilbe zu wéhlen, die die spezifische Eigenart, die differentia specifica,
hervorhebt. Hierfur gilt die Forderung, dal3 der neue Begriff die Arbeit bezeichnen soll, die
aus einem System herausgeholt werden kann. ,Aus‘ heil3t auf Griechisch ek vor
Konsonanten bzw. ,,ex* vor Vokalen.

Damit lautet der neue Begriff Exergie: er erflllt praktisch ale aufgestellten
Forderungen, und der Buchstabe x unterscheidet ihn klar vom verwandten Begriff der
Energie, so dal3 trotz der Analogie in der Wortbildung jede V erwechslung ausgeschlossen
bleibt. Der Ausdruck kann in jede germanische, romanische oder slawische Sprache
eingefuhrt werden, er lautet z. B. auf deutsch Exergie, auf englisch exergy, auf franzésisch
exergie, auf spanisch exergia, auf italienisch essergia und auf slawisch eksergija.”

A general definition was given by H. D. Baehr, 1965:

“Die Exergie ist der unbeseschréankt, d. h. in jede andere Ener gieform umwandelbare
Tell der Energie”

These three works constitute an adequate definition of the exergy concept, thus
establishing a foundation. However, some later publications deserve to be mentioned, such
as a special issue of Energy (Penner 1980) and some textbooks: Gaggioli (1980), Ahern
(1980), Edgerton (1982), Gaggioli (1983), and Moran (1982). Richard Gaggioli makes the
following statement (1980):

“The concept of exergy is crucia not only to efficiency studies but also to cost
accounting and economic analyses. Costs should reflect value, since the value is not in
energy but in exergy, assignment of cost to energy leads to misappropriations, which are
common and often gross. Using exergy content as a basis for cost accounting is important
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to management for pricing products and for their evaluation of profits. It is also useful to
engineering for operating and design decisions, including design optimization.

Thus, exergy is the only rational basis for evaluating: fuels and resources, process,
device, and system efficiencies, dissipations and their costs, and the value and cost of
systems outputs.”

In science and technology one has used, for a long time, thermodynamic potentials
similar to exergy but more limited in scope. Gibb's free energy, Helmholz' free energy,
and enthalpy are all special cases of exergy (Evans 1969, Wall 1977, Andersson,
Fredriksson, Ljung, Soderstrom, and Wall 1981).

We may express the energy and exergy concepts in the following ssimple terms. (1)
Energy ismotion or ability to produce motion and (2) Exergy is work or ability to produce
work. The laws of thermodynamics may be formulated accordingly: (1) Energy is always
conserved in a process (First law, the law of energy conservation) and (2) Exergy is
always conserved in a reversible process, but is always consumed in an irreversible
process (Second law, the law of exergy).

The historical development of the concept of exergy should be documented. | see this
as an important task especially after preparing the bibliography which indicates that a lot of
scientific work is never accepted in society or applied to real processes. Thus, | strongly
recommend this as atopic for astudy in the history of science.
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4. PRESENTATION OF PAPERS | AND I

It is important to investigate the basic physical premises for human societies on earth.
Questions concerning the resource situation and the state of the environment play an
increasing role in the society. It is therefore important to have an adequate description of the
resource conversion processes in asociety and a general method to make such descriptions.

In Paper |, Exergy —a Useful Concept within Resource Accounting, the exergy concept
is discussed in this respect. It deals with the theory of exergy applied to matter, its relation
to other thermodynamic potentials and to information theory, the calculation of exergy of an
ideal monatomic gas and the comparison of information transfer efficiency between
technical and biological systems. In Paper 1, Exergy Conversion in the Svedish Society,
this is described more in detail. Paper | describes the situation in 1975 and Paper Il
describes the situation in 1980. The difference is mainly the increased use of nuclear power
and the decreased use of fuel oil for space heating. This method of description is an
improvement over conventional energy flow diagramsin two ways. First, since material
flows areincluded, it gives a more complete picture of the resource conversion in a society.
Secondly, since energy quality is taken into account, the method immediately reveals in
which conversionsit is physically possible to improve the efficiency.

Since Paper | isan early paper, afew minor modifications are motivated such as a unit
shift to Jinstead of Wh, and the following comments:

(1) Table 2.1. on p. 12: Note that for some substances the exergy content may even
exceed the chemical energy content, due to definitions of system boundaries and final
States.

(2) Table 2.2. on p. 13: Note that matter in an ordered form also may include biological
organisms, e.g. aliving plant.

(3) Figure 3.7 on p. 27: By using the reference states of Paper |1 for iron, Fe and O are
represented as Fe,Og (hematite) in solid form at a mole fraction of 2.7-10-4 and O, in
gaseous form at a partial pressure of 20.40 kPa in the standard environment, we get a
different description of the Swedish iron production in 1975. The Swedish production of
iron ore in 1975 was approximately 36 Mtons. If we assume all this ore to be magnetite
iron ore, as most of the Swedish iron ore is, then the ore represents a total exergy quantity
of 18 PJ. The production of iron was roughly 6 Mtons, representing an approximate
quantity of 41 PJ. To produce thisiron, about 10 Mtons of ore was needed, corresponding
to 5.1 PJtogether with 36 PJ of electrical exergy and 110 PJ of coal, coke and other fuels.
The exergy efficiency in the iron production process then becomes hg,»27%. Figure 4.1.
illustrates the situation.
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Fig. 4.1. The Swedish iron ore conversion in exergy units in 1975

(4) A diagram of exergy flows can be constructed for the total conversion of energy and
material resources which takes place in the Swedish society during one year. Thiswill look
likethediagramin Fig. 4.2. This description differs somewhat from that of Paper | (Fig.
3.9, p. 31), but corresponds better with later studies. The inflows of energy and materials
origin from the resource base, which is represented as a box in the | eft part of Fig. 4.2. The
outflowing “products’ are difficult to define in a uniform way. The individual, however,
plays an important role as the final user, by directly or indirectly demanding the “ products”.
Thisisindicated as abox in theright part in Fig. 4.2.

The total conversion of resourcesis about 2500 PJyr or 300 GJ/yr per person and the
net yield is about 450 PJ/yr or 55 GJ/yr per person. At the top of the chart is the inflow of
sunlight (about 20 PJyr) which is converted to indoor heat, about 1 PJyr. The next
conversion in the diagram concerns the forest industry. The stock of forest, a fund, is
harvested each year and the timber is used either as timber raw material or converted into
paper pulp and paper. At the conversion of timber into pulp, large amounts of heat is used
to boil wood chips in the processing of paper pulp. This heat is produced by burning
effluence (liquors) and fuel oil.

In 1975, the estimated net felling in Swedish forests corresponded to about 430 PJ.
The greater proportion of this quantity (200 PJ) went to the sawn timber industry which, in
1975, produced 94 PJ of timber, 61 PJ of by-products for the pulp industry and 14 PJ of
by-products such as firewood. The pulp mills were supplied with 200 PJ of timber,
including the above-mentioned 61 PJ of which reappeared as pulp and 86 PJ as paper in the
end products. The main losses incurred when sawing trees into timber are in the form of
waste and sawdust. In 1975, these losses amounted to 31 PJ. Paper pulp manufactureis
extremely wasteful asfar as exergy is concerned, due mainly to the amount of heat required
for digesting wood chips. This heating requirement accounted for about 130 PJ of the
wood harvested. Together with the 105 PJ of fuel supplied, this combustion process
contributed less than 60 PJ of heat and about 10 PJ of electricity, which was used in the
forest industry. The pulp and paper industries accounted for afurther 53 PJ of electricity.
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Fig. 4.2. Conversion of energy and matter in the Swedish society in 1975 in exergy units. (The
total conversion was about 2 500 PJ/yr.)

The exergy content of the end product, which consisted of wood, pulp and paper, was 250
PJ. The efficiency of the conversion for the whole of the forest industry was thus about
42%.

The next conversion processes shown in the chart are agriculture and the food industry.
Thetotal exergy content of the products of cultivation was 105 PJ. In addition, fodders and
waste accounted for an estimated amount of the order of 200 PJ. Thus, the total annual
crop exergy was about 300 PJ. In addition to crops, agriculture and the food industry
accounted for the conversion of afurther 50 PJ of fuels and 13 PJ of electricity for machine
power and heating applications. In this sector, the end product isfood and a daily intake of
12 MJ per person is equivalent to an annual conversion of 36 PJ for the country as a
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whole. This means that the food which is thrown away is not included in the food flow,
but is represented as alossin food processing. Approximately as much as 25 - 30% of the
food that leaves the shopsis thrown away. Large parts of the losses in agriculture are also
inevitable since some parts of the crops are not edible to humans, such as straw.
Regrettably the use of straw in animal production has decreased considerably the last few
years. This depends to alarge part on the shift in the consumption of animal products from
milk and butter to pork and poultry. Therefore, the efficiency of the conversion within food
production becomes quite low, only about 9%. Also, the exergy content of the agricultural

produce is lower than the exergy content of the inputs such as fertilizers, machine wear,
and fuels. About athird of the inputs of fuel and electricity in food production is used in the
food processing industry.

Hydro-electric power is the next conversion process shown in the chart. In 1975, the
electricity was also used for lighting, domestic power supplies etc (82 PJ). Theengineering
industry used agreat deal of electric power to drive machines, i.e., to perform mechanical
work (about 26 PJ). The use in the forest industry and in food production was mentioned
earlier. The remainder was used in the mining, iron and steel industries (36 PJ), the
chemical industry (21 PJ) in transport applications (7 PJ) and for el ectric heating (22 PJ).

In 1975, the production of electricity from hydro-electric power sources amounted to
208 PJ. If we assume the losses in converting the potential energy of the water in the
reservoir into electricity from the power station to be 15%, this corresponds to a total
exergy requirement of 244 PJ.

Nuclear fuel (U-235) and fuels such as oil were also used for generating electricity, the
conversion being carried out in condensing power stations and combined power and district
heating plants. Apart from generating electricity, the latter type of plant supplies district
heating by a so-called back-pressure process. The chart illustrates how this flow of district
heating (6 PJyr) is distributed as a heat outflow to homes and public premises. The chart
also shows that only one-third of the nuclear fuel is converted to electricity, the remainder
being lost in the conversion process itself. The losses in nuclear, condensing and district
heating power plants are of the order of 60%.

In 1975, the production of electricity from nuclear and hydrocarbon fuels amounted to
43 and 40 PJ respectively. To this must be added the power station house loads including
losses in power transformers and pumping losses in pumping stations. Thus, tota
production of electrical energy in 1975 amounted to 295 PJ , of which a net 4 PJ was
imported. Of this production, 260 PJ was actually consumed, the remainder being
represented by losses in transmission and distribution to the consumer.

In Sweden, iron ore accounts for almost all of the ores converted. In Fig. 4.1 the
Swedish iron ore conversion process was presented. We see this conversion process in its
context in the diagramin Fig. 4.2.

The most common fuels used in Sweden are crude oil, oil products, coal and coke. In
1975, imports of these products amounted to atotal of 1 323 PJ.
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Fuels are used as feedstocks in the chemical industry. In 1975, 18 PJ of oil and 21 PJ
of electricity were converted into about 30 PJ of rubber, plastics etc. Thus, the chemical
industry supplies an example of how a traditional energy resource such as oil is used as a
feedstock and how the product itself can be used as an energy source at the end of its life.
Naturally, this also appliesto many other “used” materials such as wood and paper.

Aswe can see from the chart, transportation accounts for amajor proportion of the fuel
inflow (220 PJ/yr). Petrol and oil are converted to motive power in cars, buses and trucks.
About 10% of the exergy content of the fuel is used to propel a motor vehicle (about 1 ton
of steel) forwards. The remainder is either lost or is expended in wearing out the exhaust
system, engine and tyres of the vehicle.

As regards the remainder of the originally listed areas of consumption, 36 PJ are
supplied to the ail refineries, about 583 PJ for direct conversion to heating in homes and
other premises, 115 PJ for the production of electricity and heat in thermal and combined
power and district heating plants, and 86 PJfor the production of heat etc in industry.

The largest conversion process — that of fuels, solar heat, district heating and electricity
to heat —isillustrated at the bottom of the chart. As we can see, this conversion process,
which is divided between industry, homes and public premises, entails appreciable losses.
In aconventional oil-fired boiler, less than 5% of the fuel exergy content goes into the heat
produced. Half of the imported oil is used for heat production.

The exergy content of hesat is determined by its temperature as defined by the formula:

T-T
E=—77°0Q ®)

where Q denotes the quantity of heat and T its temperature in Kelvin. Ty is the ambient
temperature. Theratio (T-T)/T is aso known as the Carnot coefficient.

If we now wish to use this heat for heating homes, we must also alow for the fact that
the environmental temperature is subject to seasonal variations. Thus, Swedish residential
heating requires a net exergy flow of 0.05 times the quantity of heat (energy) supplied.
This means that the exergy contents of the various heating flows were: solar heat 1 PJ/yr ,
district heating 2 PJ/yr , electric heating 1 PJyr and heating produced by fuel burning 19
PJyr. The latter figure also includes other direct energy losses such as flue gas losses
(amounting to about 35%).

Of the total national inflow of energy and material resources (about 2 500 PJ/yr) in
Sweden in 1975, only 18% or just over 450 PJyr was used. The loss which this
represents could be reduced appreciably by active conservation in the society. Looking at
the utilization of commercia energy resources alone, the efficiency is somewhat lower
(about 12%).

(5) Itisdifficult to apply the concept of information to biological systems. In a sense it
is meaningless (biologically) to speak about the information content of a chromosome
without regarding at least the system surrounding the chromosome, i.e., the biological
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organism. However, al biologica organisms are related within the biospere. The
ecological evolution isaresult of interactionswithin this system. Thus, to extract a part of
this system and evaluate it in physical terms has, of course, only physical meaning. The
protein biosynthesis presented in the information rate versus power diagramin Fig. 4.1, p.
39, occurs in an environment difficult to define, and the information is transferred in
packages of information. A package of information can, naturally, be transfered
(transported) between systems with hardly any exergy. An information content may thus be
transfered well below the line indicating the ambient temperature in Fig. 4.1. In technical
systems this may be done e.g. by cooling the components. The visualization must,
however, occur well abovethisline.

(6) In relation to the discussion on human utilization of exergy and information (Eqg.
(12), p. 37), the following ssimple calculation might be added. The tota inflow of
information since the creation of the earth accounts for about 4-10%4 bits, an incredible
amount of information. After afew billion yearslife began on earth and just recently homo
sapiens entered. The immense information capacity inflow plays a crucia role for the
existence of these phenomena on earth.

In order to give a historical perspective of today’s resource use in Sweden, given in
Paper | and 11, | also add thedescriptions of the exergy conversion in the Swedish society
in 1920 (Wall 1982).

4.1. Exergy conversion in the Swedish society in 1920

4.1.1. Introduction

This description is based on a study from the Centre for Interdisciplinary Studies of
Human Conditions at the University of Goteborg (Egnéus et al.1978).
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Fig. 4.3. The Swedish energy and material conversion in 1920, in terms of exergy. (The total
conversion was about 670 PJ.)

For the Swedish population the increased use of resources meant an increased material
standard at this time. In 1920 there was no longer any self-sufficiency on a household
level. About half of the population depended on a monetary income and had to pay for the
greater part of their basic material needs, such as food, clothes and living quarters. The
food that they bought was very satisfactory measured by the standards of the 1970's. The
construction of new houses increased and older houses were improved. Better living
conditions and better hygiene were to eliminate certain diseases later on, mainly
tuberculosis. The improved standard of living removed the soot and ashes from the living
quarters to the surrounding air, and human waste was removed from the privy in the
backyard to the water courses. The people of the 1920's did not see the negative
consequences of this.

The supply of energy and material resources was important for all these changes.
Exergy was necessary to take care of the flows of resources, to convert them into useful
commodities, and to transport these to the consumer.
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In the towns, there was a shift from the use of Swedish resource flows to using
imported deposit resources such as coal and coke. The car brought with it imports of fuel
from abroad, mainly USA. However, firewood was still important locally. Both industry
and households were thus well prepared for a reduction of imported fuels. Water power
became more and more important both in industry and in households during the 1920’s.
Industry produced more commaodities for ready consumption out of raw materials.

When resources were increasingly fetched from peripheral areas, and all values were
trandated into SEK, peopl€e’ s awareness of scarcity, of the need to limit the extraction from
funds and of the finite nature of deposits, decreased.

In the flow diagram below, the Swedish energy and material conversion in 1920, in
terms of exergy, is illustrated. Some of the figures are only estimated. A more detailed
description of the resource conversion follows below.

4.1.2. Technical uses of natural resources.

Thefirst technologica revolution came with the introduction of anew source of power,
the steam engine, the second with electricity, which brought with it a new technique for the
transfer of power as well as the combustion engine, and the third which occurred after
World War Il (WWI1), with electronics and computerization.

Electricity: Thefirst real breakthrough in the use of eectricity in industry came with the
development of the three-phase system during the 1890’s. It was this system that was the
important factor in the industrial revolution at the turn of the century. At first, electric
lighting was introduced with the light bulb, and electricity was produced in thermal power
plants. Electricity, however, could aso be derived from hydro-electric power. The use of
electricity for driving industrial machines became, with the three-phase system, an
interesting alternative to the more direct use of water wheels and steam engines. However,
the factories had to be rebuilt. The use of electricity in industry created a base for an
expansion of hydro-electric power to the larger and more distant waterfalls. The use of
electricity in industry, the possibilities of using large amounts of electricity to power eectric
furnaces aswell asfor electrolysis, put those countries that had plenty of large waterfalls,
such as Norway and Sweden, in a more favourable position.

The electric furnace, the process of electrolysis, and the use of electricity to produce
severa of the most important semi-manufacturesin chemical industry —ammonia, calcium
carbide, chlorine, chlorate —were also part of the great industrial revolution. But electrical
energy was expensive to produce, and electric furnaces, electrolysis and electricity in the
chemical industry needed alot of energy per product unit. Therefore, they only became
interesting when power plants and the distribution network had been built, and the electric
power plants had reached a surplus capacity.

The operation of railways and tramsis yet another use for electrical energy. Apart from
small industrial railways and short tramways, it was not until well into the 20th century that
electric locomotives and trams became common. This is partly because there was not
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enough electrical energy at first to run larger railways, and partly because the addition of
railways to a common distribution network caused disturbances in both electric and
telephone networks.

Petroleum: The use of petroleum was another important factor in the great industrial
revolution at the turn of the century. Small quantities of oil were already used for lighting
(paraffin oil for lamps and paraffin stoves) and for greasing, but there were no uses for the
lightest fractions, i.e., petrol, and the large-scale use of the heavier fractions as fuel had not
yet started in the 1870's. Society was adapted to the use of solid fuels, and before
petroleum was able to compete on a large scale a distribution system needed to be
established and drilling techniques needed to be improved and to become cheaper. These
investments were not made as long as there was still plenty of coal in the industrial centra
of the world and fuel-wood inits peripheral parts.

Inthe 1920's, oil was still little used as compared with coal, but the breakthrough can
still be said to have come during the decade. The cause of the breakthrough was the
possibilities that oil had in new areas. One was the ability to use existing machines better.
Thiswasinteresting, for example, in the case of steam turbines used to generate electricity.
Turbines have advantages over, for example, the steam engine, in driving an electric
generator, mainly because they can produce the higher speed needed by the generator
directly. Aselectric power systems were expanding, the need to regulate the production of
electricity to answer demands became greater. The cost of fuel for this production of “peak
power” was not so important if one could get away with low investment costs. Another
possibility was to attach oil furnaces onto steam boilers usually fueled with coal, which
could then produce more steam at a higher pressure and temperature through the more
efficient oil combustion.

Theinternal combustion engine: The use of petroleum was, however, influenced by the
development of the combustion engine for boats and cars, more and earlier than the
possibilities for increased effect in some machines. The decisive factor was that engines
with internal combustion could be made more compact and lighter in relation to the driving
force produced than steam engines or other engines with external combustion. The weight
and the space required for the brought fuel made the combustion engines quite superior to
electrical engines.

During WWI, diesel engines were introduced on larger ships. This and the use of steam
engines run with oil created better performance and less work on board, but were not as
revolutionizing as the introduction of combustion engines, e.g. compression- ignition
engines, on small motorboats. Fishing boats at sea, by coasts, and on lakes and rivers were
fitted with engines.

New materials Even if the introduction of electricity and the combustion engine were
those aspects of the industrial revolution that meant most to development, there were
several other aspects.
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New materials were put into use. The use of electrolysis for the production of
aluminium made clay into a technically and socially useful natural resource. The electric
furnaces made it possible to produce alloysfor steel in large quantities.

The effect of the alloying materias (as well asthat of coa) on the properties of the steel
were thoroughly studied from the beginning of the 1890's. Alloys with greater tensile
strength, flexibility, and hardness were |ooked for. Soon also the interest in rust resistance
increased.

Manganese steel was used early for certain construction purposes that required a high
tensile strength. Chromium steel, which was very tough, was used for tools, machines,
and military equipment. Wolframite or wolframite/molybdenum steels, which were very
hard even after heating and cooling in air, were used for cutting.

Several alloys were known and used earlier as well, but then they were very exclusive
because the components were rare and expensive laboratory products until the electric
furnace was invented.

Specia aloys made a much more effective workshop technology possible, and a new
generation of machines was devel oped: milling machines, the turret lathe and the grinding
machine were added to the traditional athe, the planing machine and the drilling machine.
Also, a simple automization of the machines was done so that they no longer needed the
complete observation and skills of one worker. The workshops could work with a much
higher degree of precision. New measuring instruments were developed, for example the
so-called gauge block. Through the increased precision it was possible to produce screws,
nuts, shafts, cogwheels, belt pulleys and even more complicated machinery in specialized
workshops, to be assembled in other factories. It became important to standardize
machinery if the specialization was to work, and this was achieved, especially in Germany.
Completely new machinery was also devel oped, such as ball bearings.

4.1.3. Agriculture

Table 4.1 shows the agricultural production for vegetable consumption. Here farming
acreage, production in tons, and the amount of exergy are given. Losses in the form of
plants consumed by insects, fungi and bacteria, or as straw, tops and subterraneous parts
of plants, have not been estimated.

Table 4.1. Farming acreage, production and estimated exergy content of
the harvest in 1927.

Acreage Production Exergy content

(1000 hectares) (1000 tons) (PJ)
Cered for bread 503 802 12
Potatoes and sugar beets 90.5 1968 8
Other plants 22 34 about 1

Total 615.5 2804 21
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Table 4.2 shows the agricultural products of plant matter which is converted by animals
before consumption.

Table 4.2. Farming acreage, production and estimated exergy content of a certain

harvest in 1927.
Acreage Production Exergy
(1000 hectares) (1000 tons) (PJ)
Cereadl for fodder 1049 1661 26
Roots and potatoes for fodder 1745 3275 12
Hay 1569 5965 91
Totd 2792.5 10901 129

The exergy content of the straw can be estimated at 38 PJ, since the production of straw
was about as large as the harvest.

The figures of production given in the tables are gross figures. This means that not all
is consumed by animals or humans, e.g. planting seed, losses in connection with flour-
making and treatment of the plant matter, and storage |osses.

Table 4.3. Animal productsin 1927.

Production Exergy

(1000 tons) (PJ)
Cattle 103 16
Swine 141 2.3
Other animas 11 0.2
Dairy products 4077 12.6
Eggs 0.2
Tota 16.9

It is the primary exergy flow from plants to man that has been presented here. The
inputs of exergy needed to set this exergy flow in motion, for example, the production of
fertilizers, concentrated fodder, and tools, are absent. These inputs were, however, much
smaller than today.

Other important contributions were pastures for cattle, sheep and goats in natural fields
and in woods, as well as berries, mushrooms and game animals.

The estimates presented here are not complete, but they show the possibility of
estimating the total exergy flows. The exergy flow from agriculture was more than 180
PJyr. The part that was consumed by domestic animals had an exergy content between six
and eight times the part which was consumed directly by man.
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4.1.4. Forestry

Physical usefulness: The physical properties which form the basis of a description of
the Swedish forest are: (1) the area of forested land, (2) the geographical distribution of the
forest, (3) the amount of timber in different forest regions, and (4) the combination of tree
speciesin different forest regions. These factors also influence the site quality class.

More than half of the total area of Sweden was forested in the 1920's. The
proportionally largest area of forested land was in the southern part of Sweden. In absolute
numbers, however, the largest area of forested land was in the north of Sweden. But large
areasin the north are bare mountains, and if thisis excluded, over 70% of the remainder is
forested.

Certain parts of forest growth cannot be utilized by man. Part of the forest ecosystem is
destroyed by fire. About 0.4 M m3 of forest was |ost through fire each year. However, this
loss was small compared to the total biomass of the forest, about 1700 Mm3,

Another factor which can be of greater importance is the effect of wind on the crops,
i.e., storms. About 5 Mm3 of timber wasfelled during two bad storms in 1931 and 1933.
The dead trees a so become breeding ground for various harmful insects.

Parts of the forest waste is used by humans, mainly as fuel. In 1927, about 12 Mm3 of
stump wood (stumps and tops) was left in the forests. About 3 Mm3 of branches were
obtained, and about half of thiswas used as fuel.

The felled timber isused (1) as fuel (see Section 4.1.5), (2) for building and wood
industry (saw mills), about 15.4 PJyr, and (3) for the pulp and paper industry, about 12.8
PJlyr.

4.1.5. Solid fuels

In the 1920’ s one spoke mainly of fuels and power in connection with energy, where
fuels meant both sources of heat and chemical raw materials. Power included steam
engines, water wheels, oil combustion engines, etc, which was used directly, as well as
electric engines. The installed power capacity was mostly given in units of horse power,
while the energy they converted was less interesting. No uniform concept of energy was
used.

The different fuels used in the 1920’ s had, of course, different properties and could not
easly replace each other. In statistics, they were instead reported as the heat of combustion
that can be obtained from them. To simplify the figures the heat of combustion was often
compared with that of “good English coal” and then expressed as so-caled cod
equivalents, see Table 4.4. Thistable also shows those solid fuels which were used at this
time.

The heat content per ton obviously varies a great deal. The heat content of coal is 28
GJ/ton while that of coniferous wood is only 11 GJton. The variations are especially great
when the heat content is shown per unit of stacked cubic volume. We see that the fuels
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obtained from forestry are much more voluminous than those based on coal with respect to
the heat content. In comparison with coa and firewood (trunk wood), the waste fuels are
very voluminous. Thisis especially true of wood shavings. This means that as soon as
thereis aquestion of transporting waste fuels alonger distance, transport conditions are far
more unfavourable than for firewood or coa fuels. Since the waste fuels in certain
industries, mainly the wood industries, are as great as the total production by weight, the
wood waste (including potential waste fuel) caused a storage problem.

Table 4.4. Some important “energy properties’ of solid fuels.

Type of fue Heat content Heat content Equivaent
per mass unit per volume coal

(GJ'ton) (GIm3 stacked)  volume (m3)

Coadl 28 23 1.0
Coke 27 12 19
Airdry birch wood 15 7 34
Raw birch wood 13 6 3.6
Airdry coniferous wood 16 5 4.2
Raw coniferous wood 11 5 4.2
Charcoal 26 4 6.0
Peat 14 3 7.0
Saw dust 2 11
Wood chips 2 10
Wood edgings 3 7
Wood shavings 1 20

When used for heating, the fuels can replace each other in equal amounts of coa
equivalents. But if a high combustion heat is needed, the fuel has to have a high enough
energy density (i.e., combustion heat per kilogram). For ametallurgical processit can also
be important to use afuel that gives off low amounts of certain pollutants, such as sulphur.

Firewood: In the 1920's, firewood was still a very important source of energy. It
contributed to about one third of the yearly fuel requirements and corresponded to about 4
million normal tons of coal equivalent, i.e., the same as the yearly import of coal. Table 4.5
gives agenera summary of the use of firewood by the main users in 1913-1935. It shows
how the use of fuel decreases, apart from during WWI.

Table 4.5. The use of firewood in Sweden in 1913-1935 (Mm3).

Sector 1913 1916 1925 1935
Industry 0.8 14 1.0 0.9
Transports 0.1 04 0 0

Domestic sector 15.3 16.8 134 111
Totd 16.2 18.6 144 12.0

Peat: The maximum production of peat in Sweden was about 700 000 tons, in 1920.
Theincrease in the peat production from 1916 to the peak year 1920 was about 500%. The
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decrease after the peak of 1920 was even faster than the increase, and in 1922 the
production was again the same as in 1916. The increase and the following decrease of
industrially produced pest for selling followed quite closely the changesin price of coal.

Peat replaced coal and coke for certain uses in certain geographical areas. The main
characteristic of the peat production during the period of 1913-1930 is the extremely fast
increase during the energy crisis and the following equally fast decrease after the crisisto a
slowly vanishing production around 1930. Before and after the energy crisis,
approximately half of the peat production was used in industry and the other haf for
domestic purposes and heating of premises.

Coal: Sweden had her own flow sources of energy, i.e., forests and water, and, in
relation to the population, these were vast. In spite of this the country imported stored
energy resources from deposits. The most important commodity imported was coal, the
most important commodity exported was paper pulp. Before WWI, 99% of al cod
imported to Sweden came from Great Britain, which also received most of our exported
paper pulp. During the war Sweden also imported a great deal of coal from Germany.

During the years 1921-1925, Great Britain amost monopolized the Swedish import of
coal. This had been the case before the world war as well. 1920 is the only year when a
large part of the import came from USA. 1920 was the year of the great coal strike in Great
Britain. Sweden had to get coal from other countries, mainly Germany and Poland, and
after 1926 Great Britain no longer had monopoly of the export of coal to Sweden, but from
this time besides Britain the imports mainly came from Poland and Germany. The situation
was the same when it came to coke.

The industry consumed about 50% of the coa used in the 1920’'s. Coal and coke were
mainly used by gasworks, the paper and paper pulp industry, and the manufacture of non-
metallic mineral products except products of petroleum and coal. Industry used coal and
coke partly for power generation, partly for heating. Another great consumer was the
railways. They consumed about 20% of the total consumption. The rest was shared
approximately evenly by shipping, gasworks, public works, institutions and households.

4.1.6. Liquid fuels

Theimport of petroleum increased during the 1920’ s from 50 million kilograms (1920)
to 160 million kilograms (1930). During the same period, USA’s part of this decreased
from 91% to 36% and the price from 0.31 SEK/kilogram to 0.06 SEK/kilogram.

The industrial consumption of oil as fuel did not at all increase as fast as the import.
Theindustrial consumption was at most 20-25% of the import. The remaining consumption
isdifficult to trace.

The state did not take any initiative whatever to encourage or discourage oil imports. Oil
was allowed to flow freely into the country. This was not the case with petral.
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The consumption of petrol in 1920 was 43 million kilograms of which 80% came from
USA, and in 1930 410 million kilograms of which 43% came from USA and 40% from
Great Britain. The price was 0.72 and 0.11 SEK/kilogram respectively.

The import of petrol increased throughout the 1920°'s. From 1920 to 1930, the import
of petrol increased by afactor of eight. The main consumers (about 90%) of petrol were, of
course, the cars, which increased rapidly in number during the 1920’s,

Theliquid fuel which has been used longest in Sweden is paraffin. During the 1920’s
the imported paraffin competed with electricity that was produced within the country.

The import of paraffin in 1920 was 62 million kilograms of which 91% came from
USA, and in 1930 79 million of which 35% came from the USA and 45% from Great
Britain. The price changed from 0.47 SEK/kilogram to 0.12 SEK/kilogram.

During the 1920’ s the Swedish import of liquid fuels increased rapidly. Sweden thus
became more and more dependent on the import of liquid fuels, and the increasing portion
of our fund resources such as paper pulp in exports was needed to pay for the import of
fossil fuels and vehicles. It was only in the case of petrol that the state tried to impose
restrictions to decrease the import and, to a certain degree, the negative effects on the trade
balance. In 1924, tax and import duty on petrol were introduced, the first energy tax in
Sweden.

4.1.7. Electric power

The use of electrical energy was well established and increased greatly during the
1920's. The industrial use increased from 2.1 PJyr on 1920 to 3.6 PJyr in 1930. The
increase within the domestic sector was particularly great and rose from 0.2 PJ/yr in 1920
by afactor of threeto 0.6 PJ/yr in 1930.

During the period 1915-1935, the use of electrical energy within the domestic sector
increased, on average, by 10% per year. Thisrapid increase is probably connected with the
shortage of fuel during and after WWI.

The main part of the electrical energy in the domestic sector was used for lighting in the
towns. But it was during the 1920’ s that the absorption refrigerator was invented by von
Platen and Munthers. The number of refrigerators increased from 500 in 1920 to 4000 in
1930.

The very rapid increase in the use of electrical energy was due not only to the decrease
in price relative to fuels, but also to the fact that the state actively encouraged the expansion
of electric power plants and power lines — especidly in rural areas. However, electrical
energy was still mostly too expensive to be used for other purposes than for lighting. The
power plants and those industries which produced electric machines made strong
propaganda for an increased use of electrical energy.
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4.2. Comparison of the presented societies

In al the diagrams of societies exergy resource use the inflowing resources come in an
order with natural flows at the top, followed by flows from funds and flows from deposits.
Theinflow of solar heat isthus adirect exergy flow from the sun. Then follow the inflows
of forest crops, agricultural crops and hydro-electrical power. The remaining inflows of
ores, nuclear fuel and other fuels come from dead stocks, deposits, on earth.

In Table 4.6, the figures for Sweden in 1920, 1975, and 1980 are given. We can see
that, besides an increased resource use, the resources today origin from mostly deposits
instead of funds asin 1920.

Table 4.6. The exergy flows per capitain Sweden in 1920, in 1975, and in 1980.

Totd inflow  from from Net outflow Net outflow

capita funds deposits capita capita
GJlyr capita % % GJlyr capita %
Sweden 1920 120 69 28 30 25
Sweden 1975 300 40 59 55 18

Sweden 1980 305 40 59 60 20
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5. PRESENTATION OF PAPERS |1l AND IV A-B

5.1. Paper Il

Paper 111, Exergy Flows in Industrial Processes, gives a detailed description of the
exergy flowsin apulp and paper industry and in asteel plant, two kinds of industries with
heavy flows of matter.

The ability to find new solutions is often limited by the existing technology. Current
technology is often overestimated in relation to past technology and to future alternatives.
Thus, today’ s most sophisticated computers are mere “steam engines’ when compared to
the simplest biological cell or to future computers as is also illustrated by the rapid
developments in the computer field. This paper emphasizes therefore the importance of
defining the problem in scientific terms, that is, unhindered by the limitations of current
technology. Such a description must, of course, be based on clearly defined scientific
concepts. If not, we might be evaluating a false picture of the problem that may become an
obstacle to important technological advances.

This paper presentsin more detail the energy and exergy flows of two typical Swedish
industries, a pulp and paper mill and a steel plant. These are also described in relation to
Sweden’s space heating system. The pulp and paper industry which | have studied
produces unbleached kraft liner. After the wood is cleaned, debarked and chipped, the
wood chips are processed in a continuous digester to a sulphate pulp. The separated bark is
combusted together with fuel oil to produce steam and el ectricity, both of which are used in
the process. The chemicals and the stripping (or draw-off) liquor leave the digester after
processing. A mgjor part of the chemicalsis recovered in the flash and heat exchangers,
evaporators, soda recovery unit and lime sludge reburning kiln, while the liquor is used to
produce steam. The washed sulphate pulp is then transported to the paper mill whereiit is
formed, dewatered, pressed, dried, reeled and cut for delivery. Approximately 36% of the
energy losses are incurred in the soda recovery unit, ~17% in the steam plant (or steam
production unit), and ~34% in the paper mill. In terms of exergy losses, ~40% are incurred
in the soda recovery unit, ~31% in the steam plant and ~16% in the paper mill. The sum of
the energy losses and the sum of the exergy losses in these three subprocesses are the
same, but the relative proportions in the two treatments vary considerably. Furthermore,
seen from an energy point of view, the unutilized outflows (or waste flows) amount to
57% of the total losses as compared to an exergy loss of only 7%. It can be seen that these
flows constitute a considerably smaller resource than an energy account would lead us to
believe, and it may thus be concluded that an energy balance paints an incorrect picture of
the process.

The stedl plant produces reinforcing steel from scrap iron. The scrap iron is smelted in
two electric steel furnaces and then undergoes continuous casting. The stedl is subsequently
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cut into blanks which are then reheated in a pusher type furnace and then rolled to circular
crossections with diameters from 6 to 32 mm. The mgjor part of the energy losses is
incurred in the electric steel furnaces and during continuous casting, and amounts to ~44%
of the total losses. The picture of the losses is more or less the same when we ook at the
exergy losses. Nearly half of the exergy losses are incurred in these two subprocesses. The
difference between the energy and the exergy treatments increases when we look at the
unutilized flows in the process such as exhaust gases and heat. These account for about
65% of the energy losses but only for about 28% of the exergy losses. What appears as a
substantial unutilized resource flow in terms of energy is thus shown to be considerably
lessin terms of exergy, which is mainly due to the temperature of the flows. Thus, only a
minor improvement in efficiency can be achieved by utilizing the existing unutilized flows.
Itisonly by introducing new and more efficient processes that major improvements can be
achieved.

As a comparison to the industrial processes, the study also describes the Swedish
space heating system. This comparison reveals many interesting differences. The Swedish
space heating system represents the largest single exergy saving potential in the country.
The efficiency in the conversion to heat is estimated to be about 5% for Sweden asawhole.
Two observations can be made: (1) current-day systems are highly inefficient, and (2) new
technology offers enormous potential for improving Sweden’s space heating system.
Modern nuclear energy technology, which utilizes only a small fraction of the exergy
content of nuclear fuel yields an extremely low over-all efficiency for space heating.

Finally, the study provides a short description of the price of several of the most
common energy forms in relation to energy and exergy content. Thisis relevant since the
design of the energy system mostly depends on the price of different energy forms. The
approximate energy price of electricity in SEK/GJ is about 70, the price of petrol about
110, of fuel oil about 50, and of wood about 20, and district heat about 60. The high price
of gasoline can be justified by its special area of use, the low price of wood can be
explained by the fact that efficient energy conversion from wood is expensive. In terms of
exergy, we obtain instead the following prices. (SEK/GJ): electricity about 70, gasoline
about 120, fuel oil about 50, wood about 20, and district heat about 340. The very high
exergy price of district heat is difficult to justify but can be explained by today’s rather
inefficient heat production technology. This means that it will hardly be possible to
maintain the price of district heat as heat pump technology develops further. In the future,
when heat pumps have reached a coefficient of performance (COP) of about 5, today’s
relative price of district heat would be too high.

The method presented in this paper is also valuable for long-term planning of, for
example, research efforts on more efficient allocation of resources since it reveals the real
losses.

A computer program is devel oped to calculate steam data on a micro-computer with the
accuracy of ordinary steam tables. Earlier, this had only been done on large computers.
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Also, a simple computer based method is presented for calculating the exergy of
substances.

5.1. Paper IV a-b

For several years Myron Tribus and Yehia M. El-Sayed (1983) at the Center for
Advanced Engineering Study, M.I.T., have been developing a method which they call
“Thermoeconomics”, to optimize the cost under prevailing thermodynamic conditions.
The method has been applied with great success to industrial processes in the processing
industry. The purpose of thermoeconomics is to improve anayses of systems by
introducing ways of concurrently suggesting improvements to the analyzed system. One
way in which Tribus justifies the method is as follows:

“It ismuch 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.”

The starting point is to consider a system surrounded by both a physical environment
and an economic environment, see Fig. 6.1. The physical environment is described in
terms of pressure, temperature and the chemical potentials of the substances involved. The
economic environment is described in terms of the prices of the goods in question and the
interest on loans.

The two environments are interconnected via cost relationships describing how the
costs depend on physical quantities.

The method can be described briefly asfollows:

1. Draw up aconcise description of the process studied.

2. Definethe system, the system limits, various system zones, components etc (detailed
flow chart or sketch of the process).

3. Definethe physical environment or alternatively the local physical environment.

4. State the sources of thermodynamic data.

5. Draw up athermodynamic cal culation algorithm with clearly identifiable inflows and
outflows. The algorithm is based, among other things, on material and energy balances
for the system. It must constitute a complete thermodynamic description of the system
(under the given conditions).

6. Indicate cost functions for the relevant zones or components and state the target
function of the system (optimization conditions).

7. Calculate the exergy flows in the process and state the entropy sources, i.e., where
exergy is lost in the system. Then relate these losses to the inflow and outflow of
exergy.

8. Cdculate the value flows (based on internal prices) in the process.

9. State any proposals, based in items 7 and 8, for improvements to the system
configuration, and adjust the affected relationships (item 5).

10. Carry out an optimization of the process.
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11. Carry out asensitivity analysis.
12. Propose improvements and areas for research and development.

PHYSICAL | § | Economic
ENVIRONMENT | 84 | ENVIRONMENT
mass values
energy information
entropy constraints
pressure prices
temperature | g interest rates
chemical potentials m
>
-
@)
pd
%)

Fig. 6.1. The system in two environments.

Theinitia stages of this working method are obviously self-explanatory and generally
accepted. The most important improvements is the introduction of the environment and its
effects on the process. The concept of exergy which can then be applied makes it possible,
among other things, to calculate the technical lossesin the system, item 7.

An engineer designing a system is expected to aim for the highest possible technical
efficiency at minimum cost under the prevailing technical, economic and legal conditions
(sometimes aso with regard to ethical, ecological and social consequences). Scope for the
following should be taken into account when doing this work:

» Different operating modes (different pressures, flow rates etc)

» Different configurations (addition or removal of components, rearrangements etc)

» Different purposes (by-products, sale of waste heat €etc)

» Different environments (change of environmental conditions, energy price,
environmental requirements etc)

Thermoeconomics is a method of analysis that makes thiswork agreat deal easier.

Paper IV a, Thermoeconomic Optimization of a Heat Pump System, is an application of
thermoeconomics to a single stage heat pump, which gives unexpected and interesting
results. The heat pump is assumed to be made up of a compressor, a condenser, an
expansion valve, an evaporator and an electric motor, i.e., a very simple assumption. The
refrigerant is R12, and the heat transfer medium to the environment in the condenser and
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evaporator iswater. The free decision variables to be chosen optimally are the efficiencies
of the compressor, the condenser, the evaporator and the electric motor. The system is
completely determined except as far as these variables are concerned.

The aim isto minimize the total cost of the system for a given heat production. This
cost is made up partly of arunning cost (electricity) and partly of costs for investment of
each component. The running cost increases if the investments decrease and vice versa

In this example, the values of the dimensioning parameters have been assumed to be:
heat output produced 6 500 W (energy), running time of 5 000 hours per year, electricity
cost SEK 0.25/kWh, temperature of the produced heat 60°C and temperature of the heat
source 10°C. An arbitrarily operating system with all four efficiencies at 70% is assumed as
starting point. The calculated total cost will then be SEK 4 221/yr, SEK 3 617/yr of
which is for electricity. Optimization now gives the following efficiencies instead:
compressor 0.80, condenser 0.83, evaporator 0.73, and electric motor 0.91. The total cost
will now be SEK 3 388/yr instead, SEK 2 416 of which isfor electricity. So by increasing
the investment cost from SEK 604/yr to SEK 972/yr we make atotal saving of SEK 833/yr
as compared with the assumed system. At the same time the exergy losses are
approximately halved from 1933 W to 979 W, i.e., by 954 W. It is the improvements in
the electric motor that account for the largest single exergy saving, so that the optimization
saves us both money and exergy. It has been assumed that the electric motor would cost
three times as much if its efficiency could be raised from 70 to 91%, a perfectly realistic
target. It could, however, even cost nine times as much and still be profitable compared
with theassumed system. It may also be added that the coefficient of performance (COP)
increases from 2.25 for the assumed system to 3.36 for the optimal system.

Since the choice of the optimum system is influenced by variations in the dimensioning
parameters these should also be analyzed. One is the condenser temperature, i.e., the
temperature of the heat produced. Thetota costis doubled from 2 336 at 40°C to 4 680
at 75°C. The energy output isthe same, i.e., 6 500 W, but the exergy output changes from
434 to 713 W, which provides a better explanation of the increase in cost. When the
temperature increases from 40 to 75°C, the efficiency requirements for the system as a
whole become stricter, but not necessarily for each component. This is clearly shown in
this case. In the context of a total increase in component costs, therefore, it is more
economical to choose a cheaper evaporator. The reason is simply that an investment gives a
better return in other parts of the system. The method does show where an investment is
most worthwhile.

Many other relationships can be illustrated in the same way. Other refrigerants or cost
relations can be assumed and the heat pump can be modified. The physical treatment of the
refrigerant and the optimization of the system is made by specialy developed computer
programs. These are enclosed in Paper IV b, as they may be easily adapted to other
refrigerants as well as other processes. The purpose of this study has been to illustrate the
thermoeconomic method by applying it to a heat pump process. The exact results are
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therefore secondary to the presentation and discussion of the suitability of the method.
However, this method for improving technical systems can never replace long practical
experience or high technical expertise, but it can be a useful complementary tool to them.

Though this method is principally ssimple, it is difficult to apply to real processes. The
purpose of this investigation, therefore, is to show the importance of applying it to
technical systems and how some of the difficulties are avoided.
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1. Introduction

The purpose of this study is to discuss physical concepts for resource accounting and to
suggest a number of basic concepts that could also be valuable in social and economic
sciences.

The study has to be considered as a first attempt to summarize fundamental concepts
and ideas for an expanded resource budgeting. In order to be able to further develop and
establish the basic concepts presented here, however, these must be widely criticized and
tested.

Particularly within energy planning, there is now much confusion as to concepts and
appropriate delimitations. We often try to solve this concept confusion by introducing
new energy units, such as Watt-hours electrical energy (Whgy), tons oil equivalent (toe)
etc {2, 3, 4}. Instead, problems arise when comparing energy measured with different
units. Furthermore, there is the problem of the different definitions of these units in
different countries, depending on how the energy form is produced. For energy
conversion processes, completely misleading efficiency concepts are often defined, that
reflect reality in a false way {5, 6}. The energy and efficiency concepts used today cannot
be applied in an expanded resource budgeting without further notice. The main reason for
this is that these concepts lack a fundamental connection to the physical environment. At
certain conversions, the environment is of great importance such as, e.g., at the space
heating process.

The relationship between the physical resource base and the social and economic
structure {7, 8} is a condition often neglected by historians, social scientists and
economists. Scientists who have described the physical resource base have, on the other
hand, often been little interested in social and economic structures in society.

There are, however, exceptions. There are economists who have tried to take
physical factors into consideration as well as economic factors {9, 10, 11}. There are
scientists who have taken an interest in catastrophes and threats caused by man’s actions
and their squandering of natural resources {12}. Ecological aspects have been of great
interest for speculations in this field during the last few years {13,14}. Within the
Secretariat of Futurological Studies, two very interesting projects are being carried out in
this connection, Energy and Society and Resources and Raw Materials. From these
projects progress reports are continuously published {15} that are of great importance for
the comprehension of the energy and material conversion in society {16}. An increased
comprehension of the energy and material conversion processes is necessary when
planning for the future. Interest in these processes has increased recently in society. The
theme of the yearbook of the Swedish Natural Science Research Council 1976/77 is
“Natural Resource Cycles” {17}. In order to be able to answer the question about which

technology we should choose and how this technology is to be used, knowledge of nature
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and its cycles is needed. This is because the functions of our own society are integrated in
the conversion of energy and matter in nature.

The fundamental concepts that I principally discuss in this study are exergy {18 - 21}
and efficiency {22}. The exergy concept has recently appeared more and more often in
technical literature {22 - 25}. Exergy represents the useful part of energy for a system in
its environment, i.e. the maximum quantity of work that the system can execute in its
environment. The exergy concept derives from the entropy concept or rather the
negentropy concept {26}, that is more useful in this connection.

The thermodynamic presentation of the exergy concept is given in Sections 2.1 and
2.2. (The derivation of the relevant thermodynamic relations is given in Appendix A.) In
Section 2.3, energy and matter are treated as carriers of exergy. In Section 2.4, I discuss
the exergy dependence on the environment and the necessity of defining useful standard
environments.

Schrédinger {26} says in his book What is life? that “we feed on negentropy”. He
might as well have said “we feed on exergy”. Exergy is the fuel for all systems with the
ability to maintain themselves, such as the biosphere, an ecosystem, a species, or a living
organism. Exergy studies should therefore be useful within those sciences which deal
with such systems. In Sections 3.1, 3.2 and 3.3, I give a very brief account of the
conversion of exergy on earth. The exergy reaches the earth by means of sunlight, which
is then converted, and thus maintains the living conditions for almost all living things on
the earth’s surface. The sociosphere constitutes the systems of the earth that are created
by man. In this sphere world trade is an important exergy flow. There is a short comment
on world trade in Section 3.3.

By starting from the energy conversion in a condensing power plant, we can clearly
see differences between points of view in exergy and energy studies. These points of
view can then be futhered to the energy conversion of a society. This was accounted for
in Section 3.4. A first attempt to extend the exergy concept to also describe conversions
of matter is made in Section 3.5 and in Appendix 2. To be able to unite the exergy
conversion of human society with the global exergy conversion, I account for the exergy
flow in Section 3.6. The human society today is dependent on exergy flows from finite
deposits of exergy in minerals, such as ores and fossil fuels, but first of all on renewable
exergy flows from funds, such as forests and fields, which convert solar energy. Human
individuals, groups and societies are constantly dependent on exergy flows to meet their
needs. We usually talk about energy resources, material resources such as ores, food and
other biological matter, and the environment’s ability to purify itself. All these
phenomena, however, are examples of exergy flows and can, at least in principle, be
quantified in a unified way. This is illustrated in Fig. 3.9, Page 31, where the exergy
conversion in Swedish society is presented. From this physical description of a society,

we can then start discussing efficiency concepts and comparing different definitions of
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efficiency. In Section 3.8, I compare energy efficiency and exergy efficiency as concepts
of efficiency. The natural consequence of this will then be the question of how effective
the total exergy conversion is in society. The aid for such an analysis is described in
Section 3.9, Exergy analysis.

In Chapter 4, 1 discuss the relation between the concept of information, from
information theory, and the exergy concept. There is a fundamental relation between
these concepts, which are both measurements of order, structure, and contrast.

Chapter 5 is simply a brief concluding remark.

Further, there are five appendixes to the report, which give a more formal description

and extension of the concepts presented in the text.
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2. Exergy

2.1. Energy, matter and quality

Energy and matter cannot be created or destroyed nor produced or consumed. This is
a fundamental law of nature. There are no sources or sinks for energy and matter. Energy
and matter can only be converted into different forms. This occurs by the consumption of
quality. Locally, the quality can be improved, but this can only occur at the expense of a
greater deterioration of the quality elsewhere. On the whole it is a question of continuous
deterioration in quality. This is also a fundamental law of nature.

The situation is illustrated in Fig. 2.1. Energy and/or matter flow through a system.
This must be well defined as to time and space. The motive force of the flow of energy
and/or matter through the system is the quality. The quality of the energy and/or matter
constantly deteriorates in the flow passing through the system. This is a condition if the

flow 1s to have a definite direction and be defined as to time.

4 .
high quality Energy and
/or matter
for example SYS TEM
sunlight or fuel
for example
the earth or a car Energy and
/or matter
;/ for example
) heat radiation or work,
low quality heat and exhaust gases

Figure 2.1. The flow of energy and/or matter through a system

When energy and matter flow through a system, a very small part of this is often
stored in the actual system. There is usually a balance between inlets and outlets of
energy and matter.

Energy and matter only serve as carriers of quality, and it is the quality that is
consumed during the conversion of energy and matter. According to this way of looking
upon flows of energy and matter it is wrong to talk about the fact that energy and matter
are produced or consumed. It is only quality that can be produced or consumed. If an old
car stands in the open air getting rusty the material deteriorates in quality but the matter
still exists. It will combine with the environment in new chemical combinations, i.e. new
materials. From social economic viewpoint, we can say that the car and its material

decrease in value and, as time passes, become of no value.
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Flows of energy and matter can be regarded as two different phenomena which
transport quality. The nonphysical distinction between these is often unclear and
approximate. A certain flow can often be regarded both as a flow of energy and as a flow
of matter. More about this in Section 2.3 below. The abstract phenomenon of quality is
information, which is discussed in Chapter 4.

Instead of saying that the quality decreases, we can say that the lack of quality
increases, or that the entropy or disorder increases. It is stated in the second law of
thermodynamics that conversions of energy and matter must always take place from a
state of low thermodynamic probability to a state of high thermodynamic probability. The
energy and matter tend to be distributed over a steadily increasing number of possible
states. The quality decreases, and the contrast in a system or a flow is more and more
wiped out. An example of this is a warm and a cold flow where the quality and the
contrast are determined by the differences in temperature between the flows, which are
then mingled to a tepid flow. A tepid flow has no contrast and has, therefore, lower
quality than the original flows. This is expressed quantitatively in statistical mechanics as
an increase of the entropy for the entire system. The entire system consists of all inflows
and outflows as well as all the conversion systems between them. The entropy,

represented by an S, can be written as a sum:

Q
S=-k> PP, (1)

=1
where k = Boltzmann’s constant, Q = the number of permitted states for the total system,

and P; is the probability for all permitted states which is standardized so that the sum will

be equal to one, i.e.:

.71 @

Q
j=1

The probability for a state can be directly compared to the knowledge of the total
system. If we know for certain that the total system is in a certain state, the probability for
this state is equal to one. The probability for other states must thus be equal to zero
according to Eq. (2). The knowledge of the entire system is thus complete and the entropy
for the total system is equal to zero (S = 0). Order is complete. On the other hand suppose
we do not know anything about the total system. All permitted states must then be equally
probable. The number of permitted states is €. The probability of each state is thus,
according to Eq. (2), equal to one divided by this number, i.e. 1/Q. The entropy for the
total system becomes S = k InQ. This is the maximum value of the entropy. Disorder is

complete.
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A conversion of energy and matter which takes place at a finite rate inevitably leads
to an entropy production. The entropy production increases with the rate of the
conversion. E.g. if we let the conversion take place at a low rate the entropy production
becomes less than if the same conversion takes place at a high rate. A conversion which
can be reversed is called reversible. Such a conversion is infinitely slow but does not
involve a loss, i.e. there is no net production of entropy within the system during the
conversion itself. There can, of course, be local changes of the entropy within the system,
but on the whole there is no entropy production i.e. no losses of quality. However, a
reversible conversion is never completed because of this, and therefore lacks a definite
direction of conversion. Reversible conversions only exist theoretically. Real conversions
of energy and matter are never reversible. They are always irreversible, which means that
they always occur with a loss. Contrary to reversible conversions, irreversible
conversions have a definite direction. Losses at real energy and matter conversions are
therefore inevitable, and they are also to some extent necessary. Each desired conversion
must involve losses, but the losses can be kept down. I have already mentioned a way of
keeping down the losses, namely by keeping down the rate of the conversion. There are
many other ways, for example choosing the conversion that involves the smallest losses. I
will describe this later in connection with energy conversion processes.

The entropy concept is a measurement of the lack of quality. Due to this, the entropy
concept gets a negative meaning. We can give a definition of the opposite of entropy,
negative entropy or negentropy (-S). Negentropy thus becomes a direct measure of
quality {26} and has a positive meaning. Negentropy is consumed when quality is

consumed or lost.

2.2. The concept of exergy

How shall we measure the quality of a system or a flow of energy and matter? In the
technical literature on energy the value of being able to estimate the useful part of the
energy, that part that can perform mechanical work, has long been stated {27-30}. In
1953 Z. Rant suggested that the term exergy (in German Exergie) {18} should be used to
denote “technical working capacity” (in German technische Arbeitsfdhigkeit). A
complete definition was given by H. D. Baehr {19}:

Exergy is that part of energy that is convertible into all other forms of energy. (Die
Exergie ist der unbeschrinkt, d.h. in jede andere Energieform umwandelbare Teil der
Energie).

The exergy of a system in a certain environment is the amount of mechanical work
that can be maximally extracted from the system in this environment. Some examples of
systems are a solid, a body of gas, e.g. the air in a heated house in a wintry environment,

or a certain quantity of fuel, e.g. the petrol in the petrol tank of a car. The concept of
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mechanical work below is to be regarded only as an example of a totally ordered energy
form, i.e. with the entropy equal to zero. It is only the useful or ordered part of the energy
that can be converted into all other energy forms.

Baehr’s definition is obviously very general, and can be extended to concern not only
energy but also matter. This extension will later be found to be completely justified. An
ordinary battery can be used as an example of the conversion of different forms of matter.
The matter is converted from one form to another through chemical reaction, and exergy
can be derived in the form of an electric current.

Thus, the matter has a greater exergy content in a charged battery than in a discharged
battery. The exergy content today is principally used at the optimizing of the steam
process within the power industry.

R. B. Evans {20} has shown that exergy (which he calls “essergy”) in itself
incorporates other thermodynamic concepts such as Gibbs free energy, Helmholtz’ free
energy, enthalpy (a simplified derivation of this is given at the end of Appendix A), and
“availability” introduced by Keenan {30, 31}. Another quite adequate name, “available
work” was used by a working team within “the American Physical Society (APS)” in the
summer of 1974 {22}.

Exergy is a measurement of how far a certain system deviates from a state of
equilibrium with its environment. In Appendix A the exergy E for a system in an

environment is written as

E=T,(S2 =8 ) E= Ty (S-S0t 3)

where T is the temperature of the environment, S, e‘;" is the entropy of the total system, i.e.

the system plus the environment when the system is in equilibrium with the environment
(“eq” stands for equilibrium), and S is the entropy of the total system at a certain
appropriate deviation from equilibrium. In Appendix A, it is also stated that this concept
of exergy is a result of the above definition of exergy. The concept (3) is thus equivalent
to Baehr’s definition. Exergy is a general concept of quality, i.e. the physical value of a
system in the form of how large a quantity of purely mechanical work can be extracted
from the system in its interaction with the environment.

By using thermodynamic relations, other concepts of exergy can be derived (see
Appendix A).

E=U+plV -TS - Z:ui()ni 4)

where U, V, S and n; denote extensive parameters (i.e. quantities that increase with the

size of the system) of the system (internal energy, volume, entropy and the number of

moles of different chemical elements) and po, Ty, wio denote intensive parameters (i.e.
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quantities which are independent of the size of the system) of the environment (pressure,

€C 9
1

temperature and the chemical potential of the component in its standard state, i.e. in
equilibrium with the environment).

Thus, the exergy of a system shows how far the system deviates from the
environment. We can see this clearer from the definition (5) below. When the
temperature, pressure and chemical potential are the same for the system and for the
environment, the exergy of the system is equal to zero. We can also see that the exergy of

the system increases when the contrast, the deviation from the environment, increases.

E =S(T=T,)-V(p-po) + Xn(s-m,) (5)

The following formula is very useful for determining the exergy {22},

E=U-U, +p0(V—VO) - ]I)(S_Seq) - Z/uio(ni_nieq) (6)

where on the right side easily determined quantities appear (“eq” denotes equilibrium
with the environment). The derivation is given in Appendix A. It is therefore an easy task
to determine the exergy content of a given system in a given environment.

The exergy content in a material can be determined by the formula (see Appendix B):
E = Yon(u—py) +RT, Y nIn (e /c,) ™)

D
l

where 1 is the chemical potential for the matter 4 in its reference state (a state to which

all values of the chemical potential for a certain matter are related) and ¢; is the

(T3]
1

concentration of the component “i”. This way of expressing the exergy makes it possible
to determine the exergy content in each type of material theoretically. The exergy content
in a given quantity of a certain material can be considered as the quantity of exergy
needed to produce this material from the given standard environment by reversible

processes.
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2.3. Examples of exergy carriers

In Section 2.1, I described how a flow of energy and matter is driven forward by the
fact that the flow all the time continuously loses in quality. The quality was also
described as the absence of disorder, i.e. of entropy. In Section 2.2, the exergy concept
was defined. In this section, I will now link together the two sections by considering
energy and material flows exclusively as carriers of exergy, so-called exergy carriers.

The quality of an energy form can be expressed as the quantity of negentropy per unit
of energy for the energy form in question. The purest energy forms are mechanical and
electrical energy, for which the negentropy is zero (-S = 0). Energy in the form of heat
has a lower quality. The quality decreases with the temperature (provided that the
temperature is higher than the environment). Baehr’s definition makes it clear that the
exergy concept incorporates both the quantitative and qualitative properties of energy.

In Table 2.1 different forms of energy are listed according to their quality, decreasing
from “extra superior” to “valueless” {32}. The quality of the energy is indicated by an
index giving the approximate exergy content as a percentage of the energy content. The
quality index ranges from 100 for potential energy, kinetic energy and electricity (which
are pure exergy and thus can be totally transformed into all other forms of energy) to 0
for the exergy-lacking heat radiation from the earth. The quality index of heat energy
varies considerably from 60 for hot steam to zero for heat radiation from the earth.

However, not only energy-containing systems carry exergy. If a system is deprived of
energy (and thus deviates in this way from the environment) it carries exergy. An ice-
block in an environment at room temperature is an example of such a system. (Due to
this, the ice represents a negative energy content). When the ice melts, it takes energy
from the surrounding air, but we can use the difference in temperature between the ice
and the air to run a heat engine and thus extract useful work. This makes the ice a source
of exergy. In an analogous manner, an empty container, i.e. a vacuum, surrounded by air
and at normal pressure, contains exergy and can be utilized to extract work.

Analogous to the quality of energy, the quality of a certain material can be expressed
as the amount of exergy (per unit) for the material in question. The purest form of matter
is that consisting of only completely known elements, for which the entropy is almost
zero. Diluted and mixed matters have a higher entropy, and therefore have a lower
quality. The quality decreases with a greater extent of dilution or mixture. A concentrated
mineral deposit has a high exergy content. By mining the mineral deposit and distributing
it in the environment, the exergy content decreases. In Table 2.2 different forms of
material are listed after decreasing quality. It is difficult to make a classification such as
the one in Table 2.1. In any case, there is a clear difference between the upper part of the
table, which can be considered as “extra superior” and “superior”, and the lower part,

which can be considered as “inferior” or “valueless”.

11
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Table 2.1. The quality of different forms of energy.

Form of energy Quality index
(Percentage of exergy)
Extra superior  Potential energy! 100
Kinetic energy? 100
Electrical energy 100
Superior Nuclear energy3 almost 100
Sunlight 932
Chemical energy# 95
Hot steam 60
District heating 30
Inferior Waste heat 5
Valueless Heat radiation from the earth 0

I e.g. highly situated water resources
2 e.g. waterfalls

3 e.g. the energy in nuclear fuel

4 e.g. oil, coal, gas or peat

The quality of the material form is expressed by an index giving the approximate
exergy content i.e., the amount of “elements in an ordered form”, as a percentage of the
amount of the material. The definition of the quality index is here analogous to the
definition of the quality index for the energy forms in Table 2.1, where the quality index
was the amount of “extra superior energy” as a percentage of the amount of energy in
question. The exergy for a material is thus the amount of “elements in an ordered form”
that can be extracted from a system in its environment. Thus, from a given amount of
material, only the part given by the exergy content can be refined into a pure form,
provided that no consumption of external exergy occurs. When estimating the exergy
content for the material in question, Eq. (7) has been used. As the exergy does not
differentiate between “extra superior energy” and “matter in an ordered form”, there is
here a clear connection between energy and matter. (Einstein’s relation between energy
and matter, E=mc2, the energy is equal to the mass times the speed of light squared, is
another more fundamental relation.) Accordingly, we can exchange extra superior energy
for the same amount of exergy in the form of matter in an ordered form. This is what we
do when enriching and refining a mineral deposit into pure material. We exchange, so to

say, exergy in the form of energy for exergy in the form of matter.

2 Corrected from latter calculations

12
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Table 2.2. The qualities of different materials i.e. forms of matter.

Form of matter Quality index
(Percentage of exergy)

Matter in an ordered form! 100
Matter as commercial goods? almost 100
Mixtures of elements3 approximately 90
Rich mineral deposits* 50-80
Ore approximately 50
Poor mineral deposits> 20-50
Mineral dissolved in seawater or soil approximately 0

1 e.g. carbon in the form of diamond

2 e.g. iron, gold or lead

3 e.g. steel, alloys or plastics

4 e.g. bog iron (limonite) or sea nodules
5 e.g. bauxite

From Table 2.2, we see that a qualitative index ranges from 100 for absolutely pure
and atomically well-ordered materials such as diamonds, to almost O for materials evenly
distributed in the soil or completely dissolved in seawater. The value of a qualitative
index depends on in which environment the exergy is estimated. In Table 2.2, the
estimate of the exergy content of the different materials was made with the earth’s
average combination of material as environment. This means that those materials which
are common on earth are of a low exergy value. A comparison with energy forms in
Table 2.1 can be made, where heat radiation from the earth is considered as worthless.

Exergy-rich systems, such as chemically concentrated materials, can, in practice, be
utilized in chemical-electrical cells of concentration type. At a river mouth, the exergy-
rich fresh water literally flows into the sea. If the fresh water is made to mix with the
saltwater in a controlled process, work (exergy) could be extracted. An estimate proves
that the outlet of G6ta Alv’ into Kattegatt is equivalent to a waterfall at a height of more
than 100 meters. This might become an important energy source for the future. (The
exergy content of fresh water is also illustrated by the fact that enormous energy
quantities are needed to desalt seawater.) The exergy content in concentrated deposits of
minerals will be further dealt with in connection with our discussion on resource

accounting.
2.4. Global and local standard environments

As the exergy of a system is determined according to its environment, it is important

to agree on suitable reference environments to be used. A global standard environment

? Gota river flows into the Kattegatt sea

13



Exergy - a Useful Concept within Resource Accounting

can be defined in terms of a standard atmosphere with a standard sea at sea level (for
gravitational exergy, such as potential energy and tidal energy, the average sea level is a
general standard), where the standard states are related to average geophysical conditions.
For exergy analyses of traded goods, and for the use of exergy in the earth sciences, such
a standard state is necessary.

Temperature conditions differ widely between different parts of the earth, as does the
air pressure. Similarly, the chemical potentials of the water in lakes and rivers differ
substantially from those of the sea. The structure of the ground and bed-rock varies much
over the earth’s surface as well as on the bottom of the sea. Thus it is necessary to
introduce local standards of exergy also. The most obvious advantage of such local
standards is in describing the use of energy (consumption of exergy) in space heating. By
adapting the building technique to the prevailing climate, the consumption of energy for
heating can be kept down. The relation between global and locally defined exergies of a
system is given in Appendix A.

To what extent local standards should be averaged through time, or vary with
seasonal or daily variations, is a question that needs to be studied. For the description of
space heating seasonal variations are clearly essential. When local standards are used, the
local exergy content of a system will consequently vary with the location. This variation
may be related to the economic value of the system. A flow of energy and matter can e.g.
change its exergy content when passing between different environments. The contrasts
between e.g. an ice-block and its environment in Greenland or in tropical Africa are quite
different. This variation may be related to the economic value of the system. An ice-block

is worthless on Greenland, but it could be valuable in tropical Africa.

14



Exergy - a Useful Concept within Resource Accounting

3. Exergy and resource accounting

3.1. Exergy, a concept in natural sciences

On the surface of the earth, at many different levels of size and time scale, systems
operate involving many kinds of matter in a complex pattern. Energy and matter
permanently flow through different systems on the earth’s surface. Within many sciences,
e.g. hydrology, climatology, oceanography and ecology, we are trying to describe and
understand parts of these systems and flows. It may be a supernatural task to try to
understand how all these systems and flows of energy and matter cooperate. We can
easily split up all the systems of the earth’s surface into 5 different spheres, see Fig. 3.1.

ATMOSPHERE HYDROSPHERE

BIOSPHERE SOCIOSPHERE

LITHOSPHERE

Fig. 3.1. Five spheres in mutual interaction.

The atmosphere is the air that surrounds the earth, principally consisting of nitrogen
(about 80%) and oxygen (about 20%) plus a few percentages of other gases such as
carbon dioxide, water vapor and ozone. The atmosphere is retained around the earth by
gravitation that is determined by the mass of the earth. Water is the only matter on earth
that can simultaneously exist in the three states of aggregation, solid, fluid and gas,
because we can have ice, water and water vapor at the same temperature on earth.
Furthermore, water is an enormous heat reservoir, thereby balancing local temperature
variations on earth. The lithosphere is the solid bed-rock with all its minerals and salts.
Through erosion, these matters are dissolved and are then important nutritive salts in the
water. The biosphere consists of all living organisms on earth, and the sociosphere
consists of all the systems ruled by man. Plants and animals consequently belong to the
biosphere, and buildings and machines belong to the sociosphere. Only so-called
primitive people and their tools belong to the biosphere. All these spheres influence each

other. An example of this is the oxygen of the air, sediment, fossil energy deposits, and
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the DDT content in the biosphere. Figure 3.1 illustrates this influence as lines between
the spheres. The communication between them is carried on by means of exergy. Exergy
is consumed in the constant flows of energy and matter that go on within and in between
these spheres. The driving source for the whole system is exergy that is pumped into it

from outside. This process is illustrated by a schematic diagram in Fig. 3.2.

THE SUN

EXERGY
=

ENERGY MATTER

(
R
e

SPACE

" THE EARTH
_/

Figure 3.2. Flows of energy and matter on earth are driven by the contrast between

the sun and space.

Exergy from the contrast between the sun and space drives flows of energy and matter
through the spheres on the earth’s surface. We see in Fig. 3.2 that there is a balance
between the inflow and the outflow of energy. The average temperature on the earth’s
surface is determined by, among other things, the amount of energy that radiates towards
the earth. Matter is transported via countless cycles through systems on earth. The
circulation periods for these cycles of matter can vary from splits of seconds to billions of
years. Examples of parts of such cycles can be nerve impulses in a cell and mining in a
human society.

When exergy reaches the earth, it is gradually destroyed, but on the way it manages to
drive, among other things, the water/wind system, and life on earth. Merely the water
circulation in the hydrosphere takes about 7000 times the energy which is converted in
the sociosphere by man {33}. Complex structures, rich in energy and capable of
reproduction, are formed by photosynthesis in the biosphere. The green plants pick up
exergy from sunlight by photosynthesis, and convert it into chemical exergy in materials,
which then pass through different food-chains. At every link, exergy is consumed. The

last link represents micro organisms, which decompose the materials. The exergy that
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cannot be utilized by these organisms forms peat instead, that gradually becomes stores of
oil or coal. Stores in the form of living and dead organic matter on earth thus represent
different forms of stored exergy.

The energy balance of the earth and the related exergy consumption can be illustrated

‘“USUNLIGHT

by means of Fig. 3.3:

HEAT RADIATION

Figure 3.3. Short-wave sunlight inwards and long-wave heat radiation outwards.

Energy-rich sunlight reaches the earth. A lot of it is reflected directly, and therefore it
does not join in the conversion processes on the earth’s surface. In Fig. 3.3, this part of
the process was omitted and the inflowing sunlight is thus the net flow of sunlight
reaching the earth. The energy of this flow is converted on earth, and thereafter it leaves
the earth as heat radiation. The exergy of the sunlight is, however, consumed on earth.
Figure 3.3 illustrates this process as a change of the wave-length between the inflowing
sunlight and the outgoing heat radiation. The inflowing solar radiation is relatively short-
wave and therefore has a high quality. The out flowing heat radiation is, however, long-
wave and consequently of low quality. The whole of the earth can thus be seen as an
immense machine picking up exergy from the sun. Due to this, all flows of energy and
matter are carried forward through systems on the earth’s surface, and life can be created
and maintained. The motive force is always the difference in quality between visible
sunlight and outgoing invisible heat radiation.

In order to steer a process, e€.g. a metabolic process in a living organism, along a
definite direction, a thermodynamic irreversibility is needed. An increase in security can
be obtained through an increase in irreversibility. This is obtained at the cost of an
increased energy dissipation, i.e. an increased exergy consumption. The steering of a
process in a definite direction must, therefore, use exergy. Processes of life and
thermodynamics have been studied by Glansdorff and Prigogine {34} and Eigen {35}.

In H.T. Odum’s diagramatic description of ecological systems {13}, energy plays a
fundamental role, which would probably be better played by exergy.
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Metabolic processes in living organisms and eco-systems have analogous
counterparts in human societies. Experience in describing natural systems ought to be of

great help in describing human societies {36}.

3.2. Exergy of natural resources

By using the exergy concept, we can describe various types of resources used in a
society in terms of a common physical unit.

The so-called energy resources have exergy contents that are very close to the
energy values often given. Either they are of a mechanical form (hydro-power, wind
power) which, by definition, is 100 percent useful work, or they are of a high-grade
chemical form, for which the commonly accounted enthalpy is rather close to the exergy
value {30}. In conversion through heat, we lose a large fraction of the exergy, see Section
3.4. One way to overcome this difficulty is to develop fuel cells that can convert chemical
exergy directly into electricity.

In ascribing a definite exergy value to nuclear fuels, several difficulties arise, such as
neutrino radiation and the lack of a well-defined final state.

But there are also resources other than the energy resources that have exergy. A
concentrated metal ore contrasts against the normal chemical composition of the
background. The exergy due to this contrast is retained when the ore is mined. When the
ore is enriched and reduced to metal, the exergy of the material is increased, the added
exergy coming from fuels and reducing agents used in the process, see Appendix B. The
exergy is not destroyed until the metal products made from the metal piece in question
are rusting or being dispersed {38}.

Minerals that are very common in the earth’s crust or in seawater - such as sand, salt
or water - have little exergy, and they are also generally less of a resource problem. In an
arid zone, however, water can be a precious resource, but in that particular local reference
environment it also carries a lot of exergy.

Biological materials have exergy in two forms - chemical and structural of which the
chemical exergy dominates quantitatively. When a fuel is burnt, the chemical energy is
transformed into heat, whereby, depending upon the flame temperature, more or less of
the exergy is destroyed.

The structural exergy lies in the low entropy (“improbable”) shapes that living matter
takes. We utilize these when using wood as a construction material, or wool as a fiber.
When using biological matter as food, we use both the chemical exergy (as fuel for the
metabolism) and the exergy of the micro-structure of amino acids and vitamins (for
building the body and substituting worn-out cells). After a biological material has been
used as structural material, almost all of the exergy is left and can be exploited as a

chemical exergy source, e.g. fuel.
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The interesting point of the above discussion is that all kinds of natural resources
evidently can be accounted for in the common entity, exergy, which is an expression for
both the ability to perform work and the structure of information in the system. What it
measures is the alternative physical work that would be required if all inputs to the
process instead - with total reversibility - were taken from the standard reference

environment.

3.3. World trade and exergy flows

International trade can be seen as a resource flow, measurable in terms of exergy.
Exergy analysis might throw some new light on international trade by providing
information which is complementary to the monetary data mostly used.

An interesting point is that the exergy requirement for the production of a given
product differs from place to place, depending on the differing reference environments.
This is one of the reasons for trade. An analysis of this would help in finding to what
extent trade is caused by differences in natural resources, in local reference environments

or in the structure of production systems.

3.4. Difference between energy and exergy descriptions

The exergy concept is today primarily used within the steam power engineering,
where energy forms of different qualities are dealt with. Many of the energy forms from
Table 2.1 are represented. It is shown here that for hot steam, district heating and waste
heat the quality index, i.e. the exergy in relation to the energy content, becomes lower and
lower. This must be taken into account by those engineers who work with these different
energy forms.

Let us make a closer study of how a power plant works. The upper part of Fig. 3.4
below is an outline of a power plant, in this case a condensing power plant, where the
combustion of oil or coal takes place. It could also illustrate a nuclear power plant, where
uranium is used instead for creating heat. The heat produced is used to boil water under
high pressure in a large boiler, in principle a large pressure-cooker (steam production
unit). The steam is lead to a turbine, where the steam pressure is converted into rotation
of the turbine shaft. At the other end of the shaft, an electric generator is located,
producing electricity. The electricity is then distributed to the consumer to be further

converted.

19



Exergy - a Useful Concept within Resource Accounting

Electricity

Generator
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Cooling water Waste heat

ENERGY FLOW

Friction losses

Exhaust gas Waste heat

EXERGY FLOW

A| Exhaust gas Waste heat o
Friction

Fig. 3.4. The energy- and exergy flow through a condensing power plant.
When the steam passed through the turbine it transmitted exergy to the electric
generator. After the turbine, the steam is chilled in a condenser to water, and brought

back to the boiler. This cooling is necessary to optimize the power transmission in the

20



Exergy - a Useful Concept within Resource Accounting

turbine, since the turbine can work with maximal difference in pressure when the steam is
condensed immediately after passing through it.

The chemical energy in oil and coal, or the nuclear energy in uranium, is thus
transformed into electrical energy, but not without losses. The losses are great in an oil
condensing power plant, no less than about 60%, and in a nuclear power plant they are no
less than about 70%. Counting the total system, from the preparation of the energy raw
material to the finishing treatment of the waste products, there are even greater losses.
This is dealt with in exergy analysis in Section 3.9 below. Let us now see what happens
to the losses in the power plant itself.

In the bottom part of Fig. 3.4 there are two diagrams of flows, so-called Sankey-
diagrams. In the top diagram, the width of the flow is proportional to the energy content
for the respective energy form, in the bottom diagram; the width is proportional to the
exergy content. The first thing we notice is that the widths of the inflows and outflows in
the two diagrams are almost equal. This is due to the fact that both the inflows and the
outflows are very high quality energy forms. The quality indexes for the energy forms in
question lie between 90% and 100%. For electrical energy the exergy content is as large
as the energy content. The losses in the two diagrams are, however, quite different. At
first we have losses in the furnace. The fuel is here converted into heat. In an oil or coal
fueled power plant we get a flame temperature of about two thousand degrees (°C). In a
nuclear power plant the temperature is instead a few hundred degrees (°C). The heat is
then transmitted through heat exchangers to boiling water. The pressure is high, with the
result that the water does not boil until it reaches a temperature of a few hundred degrees.
Through the walls of the furnace, and through pipes, heat is transmitted to the
environment, where it is lost. Heat is also led out with the exhaust gases, to keep the
chimney of an oil and coal power plant free from condensed water. These furnace losses
represent only a small percentage of the total energy conversion. We see, however, from
the exergy diagram that something drastic happens. At this point, more than one third of
the exergy is lost. We also see that it is lost in the process itself, i.e. only a very small part
of the lost exergy leaves the power plant. The exergy flow just becomes narrower. Large
quantities of entropy are created. This is due to the fact that the steam that leaves the
boiler has a lower temperature and pressure than should be physically possible. The
reason for this is limitations in the fatigue strength of the components included in the
process, principally in the boiler and the turbine blades. In a nuclear power plant, more
than half the exergy is lost at this stage of the process.

The width of the flows of thermal energy and thermal exergy as hot steam in Fig. 3.4,
show the greatest difference between energy and exergy flow. This is also a completely
different view of how the losses in the process arise. In a diagram of energy flows, the
losses are heaviest in the condenser. A great deal of the energy is lost in the condenser

through waste heat in the cooling water. Waste heat is, however, heat at a very low
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temperature and therefore energy of a very low quality. This is clearly shown in the
exergy diagram. The exergy content of the waste heat is just a small percentage of the
energy content. To make it clearer we can picture the following process. Let us suppose
that we convert the thermal energy in the waste heat into mechanical energy by an ideal
process. From the waste heat, we would then only be able to convert that part of the
energy content that corresponds to mechanical work, i.e. the exergy content. At such a
conversion process the loss would be waste heat at the same temperature as the
environment, i.e. with the exergy content equal to zero. It is by no means possible to
attain more mechanical or electrical energy out of the thermal energy than what is
determined by the thermal exergy.

When changing from mechanical energy to electrical energy, both with an exergy
content of 100%, small losses arise through friction. These losses are on the whole
equally small in both diagrams. Part of the friction losses consists of mechanical fatigue,
i.e. wearing out of shafts and bearings.

The conclusion we can draw from the diagrams will thus be that in the diagrams of
energy flows, the heaviest losses appear in the condenser but from the exergy flow, the
heaviest losses seem to happen already at the combustion in the boiler. We also see from
the diagram of exergy flows that these losses in the boiler cannot be extracted. Thus, the
exergy is used in the process itself. It is a inevitable “internal loss”, in the process and is
dependent on the technical solutions available.

Let us now look at a larger system, the energy conversion in a whole society. For all
of the governmental energy reports {2 - 4}, a lot of summaries of statistical data as to the
extraction, distribution, and use of energy in Sweden were made. Parts of these were then
illustrated by a diagram of flows {2}. Such a diagram is to be found on the front page on
some of these reports. It describes the energy flow through Swedish society in 1971, see
Fig. 3.5. The quality of the energy appears from the denotations of the different kinds of
energy. Arrows turned downwards imply losses. Hydro-power is to be found in the top
part of the diagram and fuel oil in the bottom part. The width of the flows is in proportion
to the energy content in each respective energy form.

Hydro-power is used to generate electrical energy. The potential energy in the power
plant reservoir is transformed into kinetic energy, which is further transformed into
electrical energy via a turbine and an electric generator. Nuclear energy and chemical
energy are also used to produce electrical energy. This transformation takes place in
condensing power plants and in combined power and heating plants. In the combined
power and heat plant or cogeneration system, heat is also extracted at a low temperature
through a so-called back-pressure process. Thus, all production of electrical energy takes
place within the sector “Conversions in power plants”. The electrical energy is then
directly used, partly in industry, e.g. in electric steel furnaces and in electrolysis, partly as

lighting and for electrical domestic appliances. As we see from the diagram most of the
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electrical energy is used within the industry to run machinery, i.e. the electrical energy is
reconverted into mechanical energy. An increasingly greater part of the electrical energy
is used in electric heating, partly as low temperature heat for space heating, partly as high

temperature heat in industry.

Hydro-power Conyersions in power plants Indystry
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Figure 3.5. Energy conversion system in Swedish society 1971 in energy units.

The conversion of chemical energy into high temperature heat completely dominates
the diagram. Oil, coal, gas, waste, and fire-wood are burnt in furnaces in order to produce
heat. Most of the high temperature heat is then, via a heat exchanger, converted into low
temperature heat that is used for space heating. The heating is further contributed to by
district heating and electric heating. Part of the high temperature heat is used in industry,
especially within the processing industry (the iron and steel works, and the pulp and
paper industry). Within the iron industry, large quantities of coal are used, and within the
pulp industry, large quantities of timber waste are used. The rest of the high temperature
heat is used for transports. At the conversion of petrol and oil in a car engine, almost
100% of the chemical energy is converted into high temperature heat. About 20% of this
heat is then further converted into mechanical energy in the car engine. Nearly half of this
energy is then lost through friction in the transmission. This section is, however, not
found in the diagram. The efficiency of the transports is represented through the
efficiency of the car engine, and is found at the lowest conversion level in the diagram.

We see that the losses in the diagram are unimportant. Within the sector “Conversions
in power plants”, we find the energy losses through waste heat from nuclear plants and
oil condensing power plants. There are further losses of electrical energy through

conductivity losses; about 10% of the transported energy is lost in this way. On the whole
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about 90 TWh is lost. At a total conversion of about 460 TWh, thus about 20% of the
converted energy is lost.

We also see that at each conversion process we have a one to one relation, i.e. as
much energy comes in as out of the conversion process. Energy is indestructible, so all
energy must remain after a conversion.

We can make a diagram of exergy flows that illustrates the same energy system.
Roughly it looks as shown in Fig. 3.6. The width of the flows here becomes proportional
to the exergy content in each respective energy form. The units of the flows are, however,
the same both for the energy and the exergy flow diagrams, i.e. TWh/yr. The difference
now is that the width of the flows decreases radically at certain conversion processes, due
to the decreasing energy quality and therefore also the decreasing exergy content. At the
conversion of chemical exergy into high temperature heat, more than half of the exergy is

lost. This is due to the fact that the exergy content of heat is much lower than the energy

content.
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Figure 3.6. Energy conversion system in Swedish society 1971 in exergy units.

Further, there are heavy exergy losses at the conversion of high-temperature heat into
low-temperature heat, and also at the conversion of electricity into high or low
temperature heat. As the exergy content of the high temperature heat is not utilized at the
conversion of high temperature heat into low temperature heat, heavy losses are suffered
here too. Consequently, a heat exchanger can not utilize the exergy loss when heat is
reduced. The temperature decline in an ordinary oil furnace is thus not utilized when a
flame at a temperature of about 2000°C is used to heat water to a temperature of perhaps
80°C. Electrical heat means that 90% of the exergy is lost at the conversion of electrical

energy into low temperature heat, i.e. the electrical heat has an exergy efficiency of 10%.
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An efficient heat pump (“an inside-out refrigerator”) should be able to improve that
efficiency to at least 30%.

It appears - not unexpectedly - that the largest losses of exergy occur in domestic
heating. As we can see on the right hand side of Fig. 3.6, the exergy requirements in
heating are quite small, and can be decreased even quite a lot further through
improvements in insulation and in taking care of the ventilation heat. To decrease exergy
losses within heating even further, we can either use a good exergy converter such as the
heat pump, or spread-out exergy flows such as solar heating.

The total efficiency of the conversion process, from chemical exergy to mechanical
exergy, is the same in both energy and exergy diagrams.

We can see that the losses in the exergy flow diagram are substantial. On the whole,
there is a loss of about 320 TWh, i.e. 70% of the converted exergy is lost.

In the exergy diagram, inflows and outflows in exergy conversions do not need to
have a one to one relationship. Exergy is not indestructible and it can be consumed.

By using diagrams such as Fig. 3.6 to describe the exergy flows in an energy system,
we obtain a clearer idea of where measures should be taken to take care of the energy and
exergy better.

3.5. Exergy and other resource measures

Resources are the known and retrievable parts of natural resources, i.e. those
substances in ground, water and air which can be utilized. When a resource is used in
society, it is often called raw material. By resource measures I mean those measures
which are traditionally used to quantify these flows of resources and raw materials.

Resources are traditionally divided into energy resources and other resources. The
exergy content of the energy resources is determined by multiplying the energy content
with the quality index for the form of energy in question, see Table 2.1. Energy resources
are measured in energy units, i.e. the same units as exergy. Other resources are usually
measured in units such as weight units, volume units, or just number of units. So, within
forestry we speak of m3 of timber, and in agriculture of metric tons of crops or number of
animals. These measures are often chosen for purely practical or traditional reasons.

Let us call a resource used in society a commodity. Statistics on commodities are
based on the quantity of each commodity. According to international norms, commodities
are then divided into commodity groups, commodity subgroups, etc. The statistics are
then shown in tables or diagrams in accordance with these commodity norms.

In statistics there is no common physical factor between different commodities,
therefore the statistics cannot be shown in integrated form such as a flow diagram of
different energy commodities, see Fig. 3.5. The only common measures used today are

economic measures such as SEK (Swedish kronor). The disadvantage with such measures
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is that the economic value of a commodity is determined by costs for production, and
supply and demand. The economic value can also be affected by subsidies and taxes on
certain commodities. This means, in this case, that the value of a commodity can change
even though the commodity itself has not changed in physical respect. To avoid such
problems, the value of a commodity must be determined purely by the physical properties
of that commodity.

It is natural to choose the exergy concept as a measure of the physical value of a
commodity. Exergy is, by definition, a measure of the “physical value” of a system, in
relation to its environment. In practice, the exergy content of a commodity can be
calculated through multiplying the amount of the commodity by a so called quality factor,
which is determined partly by the quality of the commodity, partly by the environment of
the commodity. The unit for such a quality factor will then be, for example, kWh per ton,
or kWh per m2. The exergy content for the Swedish iron ore conversion in 1975 is
calculated in Appendix B. You will find the results of this calculation in Fig. 3.9. The
unit of all the flows is TWh per year, i.e. the same unit as in the energy and exergy
diagrams in Figs. 3.5 and 3.6. We also see that the losses are great. Approximately 47
TWh of energy, electricity and ore is needed to produce the amount of iron and ore in
question, about 7 TWh. The efficiency is thus about 15%. There will be more about this
in Section 3.8, which concerns efficiency concepts.

Thus a change to quantifying flows of material by exergy only means determining the
conversion factors for each material. This can constitute the first part of an expanded
resource budgeting, as well as a link in an integration with the traditional energy
budgeting, which I mentioned in the second part of the preceding section. One advantage
with a change to measuring resources and raw materials in exergy units is that energy
resources and energy raw materials will have the same units as other resources and raw
materials. A division into energy resources and other resources and raw materials can
often be very approximate. We can, for example, regard oil as an energy raw material and
wood as another material, but the distinction is not very meaningful, since oil can also be
used for production of materials just as wood can be used as fuel. Therefore, these
resources ought to be considered together, in which case the concept of exergy would be
a useful resource measure. This is illustrated in the diagram of the Swedish exergy

conversion in Fig. 3.9.
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Figure 3.7. The Swedish iron ore conversion in exergy units in 1975

The concept of exergy can only show the physical quality of a commodity. The
properties which are interesting in this context are then concentration, chemical
composition and amount of the commodity. However, the exergy content says nothing of
the physical or biological properties of a commodity, e.g. electric conductivity, nutritive
value, toxicity or such properties. Commodities are only considered as carriers of exergy.
However, let us assume that we are studying a specific property, for example the electric
conductivity, of different materials. Then the efficiency of the exergy conversion can be a
measure of the quality of the material. A material with poor electric conductivity will
have greater exergy losses than a material with good electric conductivity when used as a
conductor of electricity. In Chapter 4, I will discuss the efficiency of the transfer of

information between different systems in terms of exergy per information unit.

3.6. Flows, deposits and funds

Energy and material resources occur partly as flows, partly as stocks. We interpret the
continuously flowing solar energy and flows of water such as rivers as flows. A flow has
a limited capacity, but is unlimited in time. An ecosystem, such as a forest, is a valuable
stock. It is constructed out of flows of sunlight, water, carbon dioxide and minerals. This
gives rise to a flow of newly formed biological matter, and a part of this can be taken out
of the system without causing the destruction of the stock. Other stocks, e.g. an oil
deposit, have completely different properties. These can give rise to a flow only while
they are successively drained and emptied.

As to stocks, we therefore differ between dead stocks, or deposits, and live stocks, or
funds. A deposit is a stock which is emptied as it is used, e.g. an oil find or a mineral ore.
A fund or a live stock is a stock which, without being used up, converts one resource flow

into another in a desirable manner {10}. l.e. a fund is an exergy converting system. For a
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hunting and gathering culture, the forest is a fund which uses small part of the incoming
flow of sunlight to return flows of edible or in other ways useful plants, and animals
which can be caught or hunted. For a farming culture, the cultivated land represents a
similar fund, which gives a substantially greater return, but, contrary to the forest, needs
to be continuously re-cultivated. The global system, created by the earth’s atmosphere
and hydrosphere, is a fund which catches and transfers solar exergy. This live stock
distributes the temperature more evenly over the earth. It also distributes the water, and it
has a protecting and purifying ability. Thereby it provides the basis for another fund, the
biosphere, to convert the flow of sunlight into exergy rich biological matter.

Some live stocks can give a continuous return, e.g. a hydro-electric power plant.
Others periodically, e.g. yearly, build up deposits which can be harvested, e.g. a field. For

some funds this period of build-up can be quite long, e.g. a forest.

Exergy Flow in
the Society

Exergy

Flow Minerals,

Sunlight wood,
food,
etc.

Funds

Forests,
farms,
water dam,
elc.

Exergy

6 Stocks

Deposits
\ Minerals, etc. )

Figure 3.8. The exergy flow from the sun and the exergy stocks on earth create the

resource base for human societies on earth.
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The deposits of oil and coal are added to so slowly that this is hardly of any practical
interest. Peat bogs also grow very slowly, but still fast enough for the ground to be
considered of interest as a fund for taking care of solar exergy. Metal ores are created by
geological processes. Lake and bog iron, however, are deposited at such a rate so that the
same lake can sometimes be “harvested” again in less than a century.

In Fig. 3.8, we see how the exergy flow through human society is maintained. The
greater part of the exergy requirements are seen to from the terrestrial exergy stocks. Man
only uses a very small part of the exergy flow from the sun, for solar heating. In society
there is thus, on the whole, a continuous exergy loss. Some exergy flows, such as flows of
ores, increase their exergy content when passing through society. However, other flows
decrease their exergy content all the more. Let us have a closer look at the exergy

conversion in the Swedish society.
3.7. Exergy conversion in Swedish society

A diagram of exergy flows can be constructed over the total conversion of energy and
material which takes place in the Swedish society during one year. This will look like the
diagram in Fig. 3.9.

We recognize the lower part of this diagram as the one on exergy flows in Fig. 3.6.
Here we find the “inflows” of chemical exergy, nuclear exergy and hydro-electric power.
Now we see the conversion of these flows in society much clearer than before.

The new flows in the diagram derive from exergy that we traditionally consider as
pure materials (except solar heat) separate from the energy conversion in society. One of
these is harvested forest, i.e. the amount of forest that we cut down in one year. Harvested
crops are the amount of plant material produced on our cultivated land during one year.
We mine ores from the ground as material. This is because the ores contain iron, a metal
which is important to us. Another addition is solar heat, i.e. that part of the solar exergy
which we use for domestic heating during the heating season.

We have obtained the figures for this diagram in the statistics available principally
from The Central Bureau of Statistics (SCB) {39}. In addition to this, there are some
approximations and evaluations since there are seldom enough figures on the quality of
energy and material forms. Due to this, the inaccuracy in some flows can be up to 5
TWh/yr. This concerns in particular the flows of crops and heat.

Let us now have a closer look at the flows in Fig. 3.9. At the top we have an inflow of
sunlight. This flow is estimated as 3 TWh/yr on the basis of figures on how much of
domestic heating is covered by so-called passive solar heat. A south window admits
about 2 kWh/m® per day during the heating season in Stockholm. (A south window can
be made to act as a small heating element by suitable control of the window shutters.

{40}.) An active use of solar heat could in the future cover heating requirements
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completely. The main problem today is how the heat could be stored. The sun shines least
when we need it the most, and vice versa. The inflow of solar heat in the Swedish exergy
conversion is the only inflow which comes directly from the exergy flow of sunlight
towards the earth, see Fig. 3.8. Sunlight is naturally the basis for all inflows, except for
the inflow of ores and nuclear fuels. This is because all these inflows consist of solar
exergy which has been stored from hundreds of millions of years as oil and coal to a few
months as crops and hydro-electric power.

The topmost actual conversion in the diagram concerns the forest industry. The stock
of forest, a fund, is harvested each year and the timber is used either as timber raw
material or converted into paper pulp and paper. At the conversion of timber into pulp,
large amounts of heat are used to boil wood chips in the processing of paper pulp. This
heat is produced by burning effluence (liquors) and fuel oil. (In principle, the conversion
of timber into paper pulp could be done together with an exchange of heat {41}).
Approximately 70 TWh of effluence and fuel oil is converted into less than 15 TWh of
heat. Together with 53 TWh of timber and 15 TWh of electricity this makes about 50
TWh of wood, pulp and small amount of paper. The efficiency of the conversion for the
whole of the forest industry is then about 36%.

The next conversion process in the diagram shows agriculture and the food industry.
Harvested crops are converted into food with the aid of fuels and electricity. The food
consists partly of vegetable products such as vegetables and bread, partly of animal
products such as milk and meat. The exergy flow of food is based on how much food
Swedes eat in one year (2 700 Kcal per person and day makes about 9 TWh/year). This
means that the food which is thrown away is not included in the food flow, but is
represented as a loss in food processing. Some estimations imply that 25 - 30% of the
food that leaves the shops is thrown away. Large parts of the losses in agriculture are also
inevitable since the some crops are not edible to humans, such as straw. Regrettably the
use of straw in animal production has decreased considerably the last few years. This
depends to a large part on the shift in the consumption of animal products from milk and
butter to pork and poultry. Due to this, the efficiency of the conversion process within
food production is quite low, only about 9%. Also, the exergy content of the agricultural
produce is lower than the exergy content of the inputs such as fertilizers, machine wear,
and fuels {43}. About a third of the inputs of fuel and electricity in food production is
used in the food processing industry.

Hydro-electric power is the next conversion process in the diagram. The losses at the
conversion into electricity are relatively small. This is because the potential energy stored
in the water reservoir and the electrical energy produced is both energy forms of high
quality and are easy to convert into each other. There are some losses of electricity due to
conductivity losses during transport. This is shown in the diagram as a narrowing of the

exergy flow of electricity. I discussed the use of electricity in connection with Fig. 3.6.
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Figure 3.9. Conversion of energy and matter in Swedish society in 1975 in exergy units.
(Total exergy conversion 662 TWh)

In Section 3.5 and Appendix B, I made a summary of the Swedish iron ore conversion
process. We see this conversion process in its context in the diagram in Fig. 3.9.

As we see in the diagram, the chemical industry converts fuels and electricity. Two
thirds of the converted “fuels” can be found in the end products such as rubber, plastics
and fertilizers. The chemical industry is hereby a direct example of how a traditional
energy raw material such as oil can be used as a material. The “used” material can then be

used as energy raw material. This is of course true about some other materials as well,
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such as wood and paper, though we should first of all strive to re-use material as material,
not as energy raw material.

The transport sector has here been given an efficiency of conversion of about 10%,
i.e. the approximate efficiency of a car, bus or truck. The transport work thus consists of
exergy to overcome the air resistance and to give the vehicle an accelerative force.

The conversion of fuels into heat is divided between industrial and other premises,
such as residential premises, shops premises and public premises.

Other natural exergy flows support society through more indirect means. They purify
water, air and earth, and store, for example, heavy metals and sulphides. The natural
ability to purify air and water could, roughly estimated, mean 0.5 TWh per year in
Sweden in terms of exergy, which is too little to be represented in the diagram in Fig. 3.9.
However, the same purification would, with industrial methods, cost many times more,
both in terms of exergy and economically.

By using diagrams such as Fig. 3.9 to describe resource flows, we obtain a clearer
idea of where to put in efforts to make better use of the resources. This should be done at
all levels of the resource system.

Another advantage with the diagram in Fig. 3.9 is the division of all inflows into
direct flows, flows from funds, and flows from deposits. Thus the inflow of sunlight is a
direct flow of exergy from the sun. Then follow the inflows of harvested forest and crops,
and hydro-power. All these flows derive from terrestrial funds of exergy. The remaining
inflows of ores, nuclear fuel and fuels, come from non-renewable stocks, deposits, on
earth.

To maintain a society with respect to the exergy conversion for longer periods of
time, that society's exergy requirements must be almost completely covered by the solar
flow and from the flows of terrestrial funds. As we can see in the diagram on the exergy
conversion in the Swedish society in 1975, this is not at all the case. Thus the situation in

which we find ourselves now cannot last in the long term.

3.8. Concepts of efficiency

Analogous to the two concepts energy and exergy, we can define two concepts of

efficiency in an energy (and exergy) conversion process,

1) the energy in the desired end product divided by the inputs of energy. This
quantity is called the “first law efficiency” in the APS-report {22}. Here it is
called energy efficiency, and is denoted by ng,,.

i1) the exergy of the desired end product divided by the inputs of exergy. This

quantity is called the “second law efficiency” in the APS-report {22}. Here it
is called exergy efficiency, and is denoted by 1ey.
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At conversions of energy between different forms, there are generally some losses of
energy. Because the physical environment at energy conversions is often ignored, the
energy efficiency can become greater than 1 (i.e. 100%). An example of such a
conversion process is the heat pump, which can be found in Fig. 3.10. The heat pump has
oceans of “free” energy (with a quality index of 0) to scoop out of its environment. We
then speak of a coefficient of performance (COP) instead of efficiency. The exergy
efficiency always has to be smaller than one. This is due to the fact that exergy cannot be
created; it can only be destroyed or consumed.

The diagrams in Fig. 3.10 illustrate the differences between energy and exergy flows,
and thereby efficiency, for 4 conversion systems: an oil furnace, electric heater, an
electric heat pump and a combined power and heat plant.

At the top we see the conversion of fuel into heat in an ordinary oil furnace. The
energy efficiency is limited to about 85%, principally through losses of smoke. The low
value of the exergy efficiency, about 4%, is, however, due to the fact that the fall in
temperature when a thousand degree flame heats water to 60°C is not utilized.

As we can see, electric heating has an energy efficiency of 100%. In the diagram for
the electric heat pump we see that this is not any top limit of energy efficiency at the
conversion of electricity into heat. A heat pump can, of course, also be run with fuels by
connecting it to a combustion engine. The heat pump can also in this way take the place
of an ordinary furnace for space heating. If the environment is ignored, the conversion of
electrical energy or fuels into heat can be well over 100%. We see that in looking at
exergy the picture becomes quite different. The exergy efficiency for electric heat is
about 5% and for the heat pump 15%.

In Fig. 3.4, the energy and exergy flows through a condensing power plant were
compared. Here we saw that the efficiency is the same from both energy and exergy point
of view. This is because the inflow of fuels and the outflow of electricity both have a high
quality, i.e. a high exergy value. In the diagram of a combined power and heat plant in
Fig. 3.10, we see that the exergy efficiency is about the same for a condensing power
plant as for a combined power and heat plant. We can understand this better when we see
how the exergy losses are distributed in a condensing power plant. The greatest exergy
loss occurred at the conversion of fuels into heat in the boiler. Since the conversion is the
same in both condensing power plant and combined power and heat plant, the total
exergy efficiency will be the same, about 40%. When looking at energy, circumstances
are quite different. When the energy efficiency of a heat plant is stated, it is seldom
shown that the theoretical maximum energy efficiency is perhaps 300%, not just 100%
{4,5}.
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Figure 3.10. Energy and exergy efficiency for an oil furnace, an electric heater, an

electric heat pump and a combined power and heat plant.

There are no general efficiency concepts today for material conversions. The natural
cause for this is that there is no general resource measure. At analyses of energy in
agriculture, efficiency is often given as energy input divided by energy output, i.e. energy
efficiency, even though we at first see agricultural products as materials (biological
matter). Within forestry, this type of efficiency concept is lacking. Efficiency concepts
which are similar to exergy efficiency are used more and more in iron and steel
production {45}. The measures most often used are Gibbs or Helmholtz free energy, see
Appendix A. Together with information of the standard states of the participant

substances, this gives information of the exergy efficiency of the process in question.
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