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1. Introduction: The exergy mncept'

The idea of available energy-dates back to the last century, when it was first understood by the
French engineer Sadi Camot for the speciakized case of heat engines. In the next decades the

- concept of Aavailable work= was further developed theorstcally, especially by Herman

Heliholiz and I, Willard Gibbs, K has been applied to many Kinds of processes, for different
purposes, under several different names X availability, available work, essergy, physical
information X but only recently a standard definition has been formulated and the name exergy
deflinitely adopted [Rant 1956; Gﬁm@ulm etal 1974; Wall 1977, Szargut eral 1988). However,
for the purposes of this study it is sufficient to present only the essential features of the theory.

An adequate definition of exergy is the following: "Exergy is the amount of woik obtainable
when some matter is brought to a state of thermodynamic equilibrium with the common
components of the natural surroundings by means of reversible processes, involving interaction
only with the above mentioned components of nature” [Szargut et of 1988]. In shon, exergy is an
extensive non-conservative variable which synthesizes:in a concise and useful expression both
the first and second law of thermodynamics. It is definable and computable (in principle) for any
substance, or '-.yqtem, with respect to the real enwmnmunt in whr.ch the svstem is located andfor

~ operates, -

In principle, four drfft:n:nl types of exergy B can be identified. These are clenuted

respectively, as kinetic, potential, physical and chemical exergy, viz.
B=fy 'l.'.BF 4 Bﬂh + B

Kinelic and potential exergy hive the same meaning as the corresponding energy terms, Kinetic
exergy is relevant for analyzing a flywheel or turbine. Potential exergy is relevant for electrical or
hydraulic systems. But these two terms can safely be neglected for purposes of analyzing most
common industrial processes. Physical exergy is Athe work obtainable by taking a substance
through reversible physical processes from its initial state (temperattire T, pressure p) 1o the state
determined by thé‘temperature T, and the pressure p, of the eénvironment=[Szargut er a/ 1988].
Physical exergy assumes an important role for purposes of optimization of thermal and
mechanical processes, inchiding heat engines.and power plants, But it is of secondary X in fact
negligible X importance when attention is focused on very large scale systems, such as chemical
and metallurgical processes at the industry level, In this case chemical exergy plays a majur role
for purposes of resource accounting and environmental analyses. |

Chemical exergy is Athe work that can be obtained by a substance having the parameters 7,
and p, to a state of thermodynamic equailibrium with the datum level components of the
envimnmunm[Szargut et al 1988}, Tthas two components: a component associated with chemical
reactions occurring in isolation and a component associated with the diffusion of reactmnmm

into the surroundings.

Al the foregoing deflinitions stress the importance of defining a reference state, or system,
when caleulating both physical and chemical exergy. As a matter of fact, the eXErgy function is i
measure of the difference between two states, namely the state of the "target” system and that of
its surroundings (or, more precisely, the uitimate state: of the combined system + surroundings.
after they have reached mutoal equilibrium). In short, exergy cannot be calculated without
defining appropriate parameters for the environment where the target system operates, in terms of

_lemperature, pressure and chemical composition,

The importance of defining the parameters for the commen environment emerges clearly
when we consider the analytical expressions for exergy. They also shaw that exergy is a measure
of the thermodynamic "distance” of the target system from equilibrium, Another way of saying
this is that exergy is a measure of the "distinguishability” of the target system from its
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environment. These stateients follow from the fat:étathat eéxergy vanishes whén:the target systeim
under consideration bas the same thermodynamic state. as-the environment.

In gﬂﬂ@:ﬂ_‘aﬁﬂ, for a glosed-system with temperature 7, pressure p, entropy S, and volume V,
exXergy can bé'written as:

o) | B S(T- T} - VIp - pu) + 24N, (i~ i),

where N;is the number of moles of the i system and 4 4s its cliemical potential. The subscript
Aoz refers to the final state of Equilibrium of the system plus the environment, combined together.
Again, the exergy of a flow crossing the h}ralem huund.mea of an: _g&n Egstem cdn be wri tte.n 48
the sum of three terms: -

@ . B=H-H,- 7S -5.)- E,u; (Ni - Nio)

where the lﬂttﬁl I5 stands for enthaipy. The third term of these expressions takes-account of the
contribution due te the chemical transformation of the system.

- In both of these expressions is strai g’htfﬂmard to recognize how the choice of the reference
state affects the value of the function B. For the purpose of calculﬂt:ng physical exergy, this choice
does not represent a major problem, as it is reldtively easy to define an appropriate level for
pressure and temperature of the enviromment, fiamely ambient atmospheric temperature and
pressure. This 1s not the case for calculation of chemical exergy. The latter step requires
knowledge of the detailed average chemical composition of the reaction products and the
environmental sink with which the system interacts.

In this chthL cunsidezﬂblé'effurts -havﬁ- been unclertaken by a numbﬂr of auth::}rs One

thL- earth's crust after reaching an hyp{:-lhencal {calculate.d) equlhhl I w1th the dnnmphm'e and

OCEANs [Ahmndta 1%{}] However, the resulis vary dramatically according to the depth of the
crustal layer that is assumed to be equilibrated. A more practical generic solution has been

proposed by Szargut er al [19¥8]. This approach recognizes that. the three main sinks X
atmosphere, oceans and crust X are not in equilibrium with each other, but assumes that the
reaction products in any given case must go to one of the three, depending on-whether they are
vnlaula (to a.u}. suluhle in water (tn ﬂceans) or. nather {tﬂ Eanh 5 Lruat) I‘hey Ld[ﬂlﬂdt& atanddrd

been adopted and eandud,m aaw:ral [ater _wmks [Aylu; &_ Mdﬁlﬂdh 1_995 Ayre.'-, et al 1995
1998; Ayres & Ayres 1996] and its results have been also used in the present study



