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Rezumat. În cadrul articolului se realizează o analiză a conceptului de “Indicator ecologic” cu scopul de a defini 
proprietăţile acestor indicatori. Se subliniază că indicatorii definiţi numai pe baza bilanţurilor de masă şi de energie nu 
acoperă proprietăţile cerute. Distrugerea de exergie, care este un indicator bun din punct de vedere termodinamic, nu 
poate oferi infomaţii asupra impactul unei substanţe poluante asupra corpului uman (nu poate măsura proprietăţi cum ar 
fi toxicitatea sau externalităţile non-energetice). O metodă propusă recent, analiza exergetică extinsă, care spre deosebire 
de conţinutul cumulativ de exergie propus de Szargut include în “bilantul” exergetic factori de productie ne-materiali şi 
non-energetici cum ar fi Forţa de muncă, Costul de capital şi costurile de remediere ambientală, pare că oferă o bună 
măsură a exergiei resurselor primare “folosite până la” obţinerea unui bun material sau imaterial pe întreg ciclul de viaţă. 
Cuvinte cheie: indicatori ecologici, exergie, analiză exergetică extinsă.    
 
Abstract. The concept of “Ecological Indicator” is briefly reviewed, to define the properties such indicators 
ought to possess. It is briefly argued that indicators based solely on material- and energy balances do not comply 
with the requested properties. Exergy destruction, which is a fine indicator from a purely thermodynamic point of 
view, is unable to provide information on the human-specific impact of a pollutant (it does not measure properties 
like toxicity and non-energetic externalities). A recently proposed method, Extended Exergy Accounting, which 
unlike Szargut’s Cumulative Exergy Content includes in the exergy “balance” non-material and non-energetic 
production factors like Labour, Capital and Environmental Remediation costs, is shown to provide a good 
measure of the amount of primary exergy resources “used up” in the life-cycle of a material or immaterial 
commodity.  
Keywords: Ecological Indicators, Exergy, Extended Exergy. 

1. INTRODUCTION 
The study of Very Complex systems (“VLCS”), like 

nested chains of technological processes and territorial 
systems, requires a holistic approach to analyse the 
entire system and all of the “external” and “internal” 
interactions that characterise it. The best way to approach 
such problems is to consider the VCLS as an “extended” 
(in a sense to be specified later) thermo-dynamic system, 
because this approach makes it easier to compile a 
quantitative evaluation of the flows of matter and 
energy sustaining the VLCS and to describe the rate of 
exploitation of the available natural resources. This kind 
of information is an important support for both the 
internal (to the process) and global (for the society) 
policy planning and resources management. 

In the last decade, a meta-paradigm for the 
assessment of the state of the environment has emerged: 
first, a multi-disciplinary team of environmental scientists, 
engineers, physicists, chemists and biologists define, 
troubleshoot and calibrate a proper set of “decision 
parameters”, called Ecological Indicators (EI in the 
following); then, these indicators are used by National 
& International Agencies in their evaluations. It is 
noteworthy that, since the members of such Agencies 
are not necessarily conversant with the physical sciences 
that originated the Ecological Indicator, the need arises 

of defining EI’s in such a way that they may convey 
at the same time some quantitative and qualitative 
information. This is not an easy task, and several EI’s 
have been proposed that for one reason or another lack 
the necessary sharpness. This Lecture is mainly 
concerned with one of these EI’s, Exergy Destruction, 
which is a measure of the irreversibility of natural and 
anthropogenic processes. As I shall argue in Section 3, a 
material balance, per se, cannot be a good EI: it 
provides a measure of the throughput of a certain sector 
of the society -or of the society as a whole- but it cannot 
properly measure the intrinsic quality of that throughput. 
In the same Section I shall examine a broad class of 
methods based on an energy analysis (Embodied 
Energy, Emergy), and conclude that they, too, are only 
marginally effective in their descriptions of the inputs & 
outputs of a territorial or of an industrial system, and 
that, because they cannot discern between “low quality” 
(heat) and “high quality” (mechanical work, electricity) 
energy flows, they may even provide misleading 
information. In the early ‘80es Gøran Wall and others 
presented the first complete applications to territorial 
system based on exergy flows that, in contrast to 
energetic studies, explicitly included both the First- and 
Second Law of Thermodynamics. With this approach it 
became possible to express any kind of system’s input, 
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either energetic or material, on a uniform thermodynamic 
scale, so that these inputs (and the corresponding outputs) 
could be “normalized” and evaluated by attributing to 
each one of them an exact value of “work content”. We 
shall though argue in Section 5 that exergy destruction, 
which is indeed a direct measure of the irreversible 
entropy generation of a process, is not a completely 
acceptable EI, because it cannot properly account for 
toxicity-related chemical pollution phenomena and for 
non-energetic externalities. About a decade ago, I 
presented an extension of classical exergy analysis 
called Extended Exergy Analysis (EEA). This method 
seems appropriate to investigate industrial and territorial 
system alike, because it can compare the physical flows 
of energy and matter with non-energetic quantities 
like capital, human labour and environmental impact 
(quantified by necessary environmental remediation costs). 
A discussion of EEA and of some of its applications is 
presented in the final part of the Lecture. 

2. SCOPE  AND FUNCTION  
OF  AN ECOLOGICAL INDICATOR 

What is an Ecological Indicator? What are its 
desirable properties? What are its goals? The answers 
to these questions can help us bridge the otherwise 
unresolvable gap between the scientists who construct 
EI’s and the policymakers that are going to use them. 
I will try to approach each question in an analytical 
way. 

2.1.  Definition of  an Ecological Indicator 

A very broad, but unambiguous definition of an Eco-
logical Indicator is the following: An EI is an aggregate, 
quantitative measure of the impact of a “community” on 
its surroundings (environment). This definition has several 
noteworthy implications: 

1) The EI must be applicable to any “community”, 
from the bacterial colonies that generated our atmosphere 
4 billion years ago to the future manned spaceships to 
Andromeda; 

2) The EI is by its own essence aggregate, because 
it cannot be limited to a single individual, whose 
impact on the environment is noticeable only in limit 
cases; 

3) The only “impact” that is of essence for an EI is 
that produced on the “environment” that surrounds the 
community under examination: although the inclination 
of many environmentalists is to adopt a “globally holistic” 
approach, in practice some measure of determinism is 
necessary, and the “environment” of the community 
under examination must be reasonably limited to a 
portion of its surroundings. 

We see here already that the definition suggests we 
treat the “community” and the “environment” as two 
separate but interacting systems, and we shall return to 
this point in Sections 4 and 8 here below. 

2.2. Desirable  properties of an Ecological 
Indicator 

The properties of an EI descend directly from the 
above definition: 

a) The EI must be expressed by a -possibly simple-
numeric expression that produces results that can be 
ordered in an unambiguous way (from “bad” to 
“good”); 

b) The EI must be calculated on the basis of intrinsic 
properties of the “community” and of the 
“environment”; 

c) The EI must be normalized in some sense (for 
instance, by expressing it as a ratio of the actual value to 
an “average” value calculated for all similar 
communities that interact with that environment, or to 
an “ideal” measure of impact). This is important if we 
wish to compare different communities or different 
environmental conditions; 

d) The EI must be calculated on the basis of an 
unambiguous, reproducible method under a well-
defined set of fundamental assumptions; 

e) The EI must comply with the accepted laws of 
physics. 

2.3.  Proper  use  of  an Ecological Indicator 
Since the EI measures the impact of a community on 

its environment, its only proper use is to measure such 
an impact. EI’s ought not to be used to establish value 
rankings (in the sense in which “value” is used in 
economics) nor to provide guidance in ethical or social 
issues. It can only be used to assess an individual 
Community (a societal sector, an industrial process, an 
economic strategy applied to a society or one of its 
parts) embodied in a completely specified environment. 
Within these bounds, it may be used to compare 
alternative scenarios. An exergetic critique of some 
existing Ecological Indicators (Material Throughput 
Analysis, Embodied Energy, Emergy and Environmental 
Footprint), first presented in [31], is briefly reviewed in 
Section 3. 

3. THE INADEQCUACY OF THE EXISTING 
MATERIAL- AND ENERGY BASED 
ECOLOGICAL INDICATORS 

3.1 . Material-based Ecological Indicators 

3.1.1. Material Throughput  Analysis 
A method to derive an EI based on a bookkeeping of 

material flows in a process was proposed in the ‘80es by 
a group of World Bank economists [2], and goes under 
the name of “Material Throughput Analysis” (MTA, 
sometimes referred to as “Material Inventory Analysis”). 
It is based on the assumption that the lifestyle of any 
“group of consumers” (a community) can be measured 
by the global equivalent material flow needed to produce 
the commodities on which the group thrives. The under-
lying idea is that to pursue “progress” and “development” 
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humans make use of a “natural capital” in addition to 
the monetary capital. The method is based on a highly 
disaggregated accounting of the material inputs and 
outputs in a community and requires detailed knowledge 
of both its production processes and consumption 
patterns. The individual material flows are traced back 
to the primary resources from which they originated, so 
that in the end an equivalent mass flow rate of “primary 
resources” can be calculated. The EI proper is a 
normalized mass flow rate of resources per person per 
year. MTA satisfies points a) through d) of the list of 
desirable properties given in Section 2.2 above. It does 
not satisfy point e), though, because it is not true that 
toxicity, for example, is directly proportional to mass 
flow rate. To witness, think of a society that uses 1 ton 
of iron ore but only 1 kg of arsenic per person per year, 
compared to another that uses 0.7 tons and 10 kg 
respectively: the environmental impact of the discharge 
of the second one is higher, but its MTA is lower. 
Furthermore, it does not include in any way Second 
Law consideration in its inventories. For example, no 
“material flow” method can provide an answer to the 
question whether it is better to generate electricity by 
coal-fuelled or nuclear powerplants, because a “mass-
flow based” EI is unable to capture the intrinsic diversity 
of the coal- and uranium life cycles1 (figure 1). 

 

 
Fig. 1. Coal and U235 “cycles”: representative 

flow diagrams. 

                                                 
1 A solution to this shortcoming could be that of computing 

the “coal” equivalents (in tons) of the energy used in the two 
processes. But then again, even this modified EI could not 
account for the energy used in mining, transporting and burning 
the coal, not to mention the environmental remediation costs 
(for example, CO2 capture and sequestration). 

3.1.2.  Energy-based Analysis Methods 
A second type of EI, formulated for the first time in 

the ‘60es by a group of US environmentalists (most 
notably Stephen Berry & Robert Herendeen [8,12,19,20]) 
is based on the energy inventory of a commodity. From 
ore mining to final product disposal, an accurate book-
keeping is made of the successive amounts of energy 
(mechanical, thermal, chemical…) spent in the various 
processes that constitute the production chain. The 
resulting indicator is called the Embodied Energy (EEn), 
is expressed in J/unit, and -according to its proponents- 
constitutes a direct measure of environmental impact. In 
practice, the amount of energy used to construct a 
building, a machine, or other product, in terms of 
extraction of materials, manufacture, transport, and on-
site assembly is evaluated. 

Embodied energy also includes appropriate proportions 
of the energy consumed in manufacturing the machinery 
and vehicles involved in these processes together with 
the construction and maintenance of the associated 
buildings and roads. A full audit of the embodied energy 
of any item can be very complex and there are 
diminishing returns with respect to the accuracy of the 
calculation the further removed the analysis becomes 
from the item under consideration. 

EEn satisfies points a) through d) of the list of 
desirable properties given in Section 2.2 above, but not 
point e), because it does not include any measure of the 
different quality of the energy flows it includes in its 
accounting. To witness, consider a society that uses 
(per person per year) 1000 kW of electrical energy and 
2000 kW of thermal energy at 400°K, compared to 
another that uses 2000 kW electrical and 500 kW 
thermal energy at 400°K: the environmental impact of 
the discharge of the second one is higher (because each 
kW of electricity is generated by converting approximately 
2.5 thermal kW), but its EEn is lower (figure 2). 

 

 
 

Fig. 2. How Material Flow Methods fail to properly measure 
resource consumption. 

 
A more popular EI is provided by another method, 

called Emergy Analysis (“Energy Memory”), first proposed 
by Howard Odum in the ‘70es [26]. The method is also 
an energy accounting, but is based on the fundamental 
assumption that the only input that matters is the solar 
radiation: all other flows, of matter and energy alike, are 
brought back to “equivalent solar joules” (Solar 
Emjoules in Odum’s terminology) by a proper set of 
coefficients, called transformities. Each transformity 
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represents the amount of solar J (SeJ) equivalents that 
went into the “production” of the commodity under 
consideration; the emergy “spent” in environmental 
remediation processes can also be accounted for on the 
same basis. The EI is the emergy content Em of the 
commodity. Em satisfies points a) through d) of the list 
of desirable properties given in Section 2.2 above, but 
not point e), because, just like Embodied Energy, it does 
not include any measure of the different quality of the 
energy flows it includes in its accounting. Recently, 
there have been attempts to modify the method, by 
calculating the transformities on the basis of the exergy 
(and not the energy) of the incoming solar radiation [4]: 
the results are not very encouraging though, for two 
reasons. First, the calculation of the transformities is 
difficult and is perforce based on very restrictive 
fundamental assumptions that may distort the results. 
For example, the transformity of oil in the field (i.e., 
before being extracted) is estimated on the basis of an 
analysis of the geological processes that lead to oil 
formation, and turns out to be 55400 Sej/J: it is clear 
that even a small error in this estimate is amplified as 
one proceeds downstream in the analysis, and may lead 
to a completely wrong value of the indicator Em for all 
products in which oil and its derivates are used. Second, 
in the calculation of the transformities no account is 
made for entropy generation (irreversibility). 

3.1.3.  Ecological   Footprint 
The “ecological footprint” (EF) is defined as the 

amount of land and water area a person or a human 
population would need to provide the resources required 
to sustainably support itself and to absorb its wastes, 
given prevailing technology [40]. “Footprinting” is at 
present widely used among environmentalist and 
especially biologists as an indicator of environmental 
sustainability. It can be used to measure and manage the 
use of resources throughout the economy, and is also 
commonly used to explore the sustainability of VLCS 
and to “measure” individual lifestyles, goods and services, 
organisations, industry sectors, regions and nations. 

EF analysis approximates the amount of ecologically 
productive land and sea area it takes to sustain a 
population, manufacture a product, or undertake certain 
activities, by “metering” the use of energy, food, water, 
building material and other consumables. It is therefore 
a good way of determining relative consumption (i.e., to 
compare different lifestyles): its final measure (an 
equivalent number of square kilometres pro capite) is 
often globally quoted as "the number of Earths it would 
take to support every human living exactly the way you 
do". Ecological footprints have been used to argue that 
current lifestyles in all industrialised Countries are not 
sustainable. The main merit -in this Author’s opinion- 
of the EF method is its ability to stress that, contrary to 
common opinion, it is human use of renewable resources, 
not of non-renewable ones, that poses the real sustain-
ability crisis. Nature can restore renewable resources at 
a certain rate, and ancient societies have thrived on 
this. Presently, however, humans consistently and in-

creasingly directly or indirectly consume renewables 
faster than ecosystems can restore them, and this state 
of excessive ecological burden (“pressure”) eventually 
threatens ecosystems by not allowing them sufficient 
time to "recharge”. The ecological footprint approach 
introduces the concept of resource recharge and the rate 
at which we use resources as key elements in more 
sustainable human societies. This helps us understand 
that it is not just what we use, or even how much, but it 
is the consumption rate and the overall time extent of 
consumption curve that matter. EF satisfies obviously 
the first four criteria set forth in Section 2.2, but does 
not account for Second Law (not even implicitly, as 
some of its supporters maintain). Furthermore, calculated 
footprints can be inaccurate due to simplifying assump-
tions: many factors of the calculations are perforce 
based on crude estimates and the numbers may not be 
equally applicable to all geographical sites (it is well 
known, for instance, that the method is biased to 
Northern Hemisphere lifestyles). Also, the model 
generally does not count multiple uses of land: if a 
forest is a carbon sink, the same area is not counted for 
food production. On a more subtle level, the pro capite 
nature of footprinting is questionable. For example, the 
model displays a bias towards households with more 
children: a large house with ten children has a smaller 
per-person footprint than a house half its size with only 
one person. This is a wrong result, since - for the same 
lifestyle - more individuals undoubtedly stress the 
resource base more than a single person. 

In the following Sections, we shall critically analyze 
the possibility of defining an EI based on another 
thermodynamic function, exergy. 

4 .  THE  CONCEPT  OF  EXERGY 
Energy (denoted by En in the following) is an a 

priori concept in Thermodynamics: it is defined as “an 
extensive property of a system such that its change in 
value between two states is equal to the adiabatic work 
between these states”. But energy is known to manifest 
itself in several forms, each endowed with a different 
quality. The concept of quality can be fully explained 
only recurring to the Second Law, but in general we can 
say that the quality of an energy flux is a measure of its 
capacity to cause change. Referring interested readers 
to the books by Tadeusz Kotas [23] and by Adrian 
Bejan, George Tsatsaronis & Michael Moran [5] (or to 
the previous book by Moran [25]) for a more detailed 
discussion, we can identify “ordered” or “high-quality” 
energy forms (potential, kinetic, mechanical, electrical) 
that can be ideally converted into each other with 100% 
efficiency, so that even after a number of trans-
formations, as shown in figure 3a, the output flux of 
useful energy Enout is quantitatively equal to the flux of 
useful input Enin. There are other forms though (internal 
energy, chemical energy, thermal radiation, turbulent 
kinetic energy) that cannot be converted into high 
quality energy without an intrinsic transformation 
loss, so that (figure 3b) the useful output Enout is 
always lower than the useful input Enin. Since energy 
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is conserved at the macroscopic level (this is a basic 
postulate in all physical sciences), the difference Enin–
Enout must be accounted for: it is well known that this 
difference is finally “dissipated” into a low-temperature 
flux absorbed or provided by the environment. The 
“environment”, here and in the following, is a system so 
large that its average properties (pressure, temperature, 
chemical composition, kinetic or potential energy etc.) 
are not affected by the interaction with the man-made 
system. 

 

 
 

Fig. 3. How energy quality affects conversion  
into other forms (adapted from Kotas [23]). 

 
The concept of exergy has been developed to provide 

a congruent and coherent quantification to the quality of 
an energy form. Imagine that at a certain time to we 
place a system S identified by a certain set of thermo-
dynamic properties (V, zB, p, T, c, m, ∝…) in contact 
with the environment O22, and arrange things in such a 
way that S may exchange mass and energy only with O 
(figure 4): our intuition tells us, and experiments 
confirm, that after some time trelax which depends on the 
extension of S and on the difference between its initial 
properties and those of O, S will come to (a possibly 
dynamic) equilibrium with O, i.e., even dynamic inter-
actions will occur at a macroscopically stationary state, 
and will result in no net change in the mass and energy 
contents of either system. 

Exergy is defined as the maximum work developed 
in this ideal process. Notice that, since the interaction is 
between O and S, and we assume that all processes can 
be described by a succession of quasi-equilibrium states 
(so that the time interval trelax drops out from the 
problem formulation), exergy will be a function only of 
the initial and the final state of S (the final being equal 
to that of the environment), so that it is an attribute of 
the pair (S, O), and not of S alone. S and O exchange 
energy fluxes under different forms: kinetic (all parts of 
S in relative motion with respect to E come to rest), 
                                                 

2 We adopt the symbol “O” for the Environment, from the 
greek ‘Οικος (home) whence all the “eco-“ prefixes have been 
originated. 

potential (the barycentric position of S reaches a fixed 
elevation in the gravity field of O), thermal (heat flows 
from S to O or vice versa depending on the initial 
temperature difference TS–TO), work interaction (O per-
forms or receives work from its boundary interactions 
with S), mass exchange (mass fluxes from S to O and 
vice versa carry different energies). Let us consider here 
only stationary interactions between S and O in which 
flows of energy and matter from S to O are continuous 
and (on the average) steady in time: by applying energy 
and entropy balances to the complex system composed 
of S and O we obtain: 

∑ ∑ ∑ =−+−⎟
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where the first term represents the thermal exergy 
flow, the second is external work, the third and fourth 
the exergy in- and outflows due to material exchanges, 
and Eλ is the exergetic destruction. In all applications, 
equation 1) must be supplemented with the definition of 
specific exergy [1,5,10,11]: 
 e = h – hO – TO(s – sO) + Σk[gk +  
 + RTO*lnck/ck,O)] + 0.5V2 + gz    [J/unit] (2) 

 

 
 

Fig. 4a.  A system S  and its environment O. 
 

 
 

Fig. 4b.  The Earth’s exergy budget [13]. 
All  flows in ZJ/yr (1 Zettajoule=1021 J). 

 
From equations (1) and (2) we can draw the 

following conclusions: 
1) The initial kinetic and potential exergy of S are 

entirely “recovered” into useful work; 
2) Work exchanges between S and O are entirely 

“recovered” in the exergy balance. In fact, work is 
exergy and, as such, its transmission is only affected by 
viscous-type losses, lumped here in El. If we define a 



Enrico SCIUBBA 

16  TERMOTEHNICA     2/2009 

quality- or exergetic factor as the ratio between the 
energy and the exergy content of an energy flux, all of 
the “high quality” forms (mechanical & electrical work, 
kinetic & potential energy) have an exergetic factor 
equal to one; 

3) Thermal energy has an exergetic factor equal to its 
associated Carnot efficiency: this reflects the fact that, 
under the given assumptions, the maximum work that 
can be extracted from a quantity of heat Q available at a 
certain temperature T is equal to WQ = (1-TO/T) Q; 

4) If S is initially at a lower temperature than O, 
thermal energy will flow from O to S, with a corres-
ponding exergy flow equal to EQ = (1-TS/TO) Q. This 
amount is always positive; 

5) For a simple substance whose states are defined by 
temperature and pressure (like all gases for most practical 
engineering purposes), exergy is always positive; 

6) The chemical potential of the elements in S cannot 
be entirely converted to work: since S must come to 
equilibrium with O, the most we can “recover” for the 
generic k-th component is the difference between the 
values of its Gibbs function in S and in O, each 
weighted by the respective concentration.In other words, 
we can ideally transform only a portion of the initial 
DGS into useful work, because the products of reaction 
must be at their respective environmental concentrations 
and chemical potentials at TO and pO; 

7) Exergy is not conserved: in every real process there 
is an exergy destruction El caused by irreversibility. In 
the simplest case (work_work transformation) this 
exergy destruction is equal to the irreversible entropy 
generation due to “dissipative” effects: this can be seen 
by considering that S exchanges only adiabatic work 
with O, and the loss is equivalent to  frictional heat. If 
there is only one medium participating to the exchange, 
from eqtns. 1 and 2 we obtain: 
  El = –W + m(eS – eO) =  
  –W + m[hS-hO –TO(sS – sO)] =  (3) 
  = –TO(sS – sO)    [W] 

Since sS – sO must be negative (S may spontaneously 
evolve only towards higher entropies), the destroyed 
exergy flux El is positive and equal to the “lost work” 
defined by Gouy & Stodola; 

8) Equation 1 can be rewritten in such a way that the 
different “components“ of exergy are explicitly repre-
sented: 

 eS = eph + ech + ek + ep + ej [J/unit]  (4) 
where the suffixes indicate the usual denomination of 
the various terms: physical, chemical, kinetic, potential 
exergy [16]. If other forms of energy fluxes are involved 
(magnetic, nuclear, etc.), one needs only to explicit the 
suffix “j” and apply the corresponding definition; 

8) Exergy is an extensive property, so that 
  E(S1+S2) = ES1 + ES2; 

9) If two systems Sa and Sb interact, the maximum 
work obtainable from their exclusive interaction is |Ea-
Eb|; 

10)  If a stream a undergoes a series of trans-
formations i, j ,k …z in which it receives or delivers the 
exergies Ei …Ez, its final exergy content is the sum of 
Ea+Ei+Ej+Ek+…Ez. Exergy is thus an additive property. 

For engineering (and exergo-economic) calculations 
it is convenient to define a “standard environment” (a 
state at T0, p0, cj0, z0,V0…) to which all exergy values 
can be conveniently referred. 

 

 
 

Fig. 5. Schematic representation of a cogeneration plant. 
 

Table 1 

Design (top) and calculated data  
for the cogeneration plant of figure 5 

 
 

The exergy concept has important practical applica-
tions (for a historical account see [33]): it can be shown 
that a “second-law efficiency” defined on the basis of 
exergy fluxes provides more information than the “first 
law efficiency” based on energy fluxes. For example, 
consider the cogeneration plant depicted in figure 5. 
Table 1 shows the design data and the calculated 
efficiencies for a pressure ratio β=4, and the following 
considerations apply: 

1) The first-law efficiency attains a value of 0.856: 
this means that almost 86% of the fuel chemical energy 
is converted into useful energy output. This is 
misleading though, because it does not account for the 
temperature-dependent quality of the heat flux Qcog. 
An exergy analysis, in which all inputs and outputs are 
expressed in exergetic terms, provides a ηII = 0.473, 
correctly indicating that a substantial portion of the 
chemical exergy of the fuel has been “degraded” into 
heat, i.e. into a lower quality energy form; 

2) Component exergetic efficiencies (ηII) also pro-
vide interesting information, especially when compared 
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with their energetic counterparts (ηI). For example, 
while the quasi-adiabatic compressor and turbine 
display similar values for ηI and ηII, both the heat 
recovery boiler and the condenser have ηII << ηI. This 
indicates that it is useless to invest excessive resources 
to improve boiler performance, because this component 
is quite efficient in transmitting the heat flux it is 
required to (here, ηI,B = 0.95). The boiler low exergetic 
efficiency is intrinsic and not due to design errors: it 
degrades a high-T, high exergy heat flux into a low-T, 
low exergy one. Similar considerations apply to the 
combustor: it is the degradation of the relatively high 
quality chemical energy into heat, and not its energy-
transfer capacity, that lowers its exergetic efficiency. 
Energy-wise, the performance of a combustor is more 
than satisfactory (ηI,CC ≈0.95). A system that exploits 
the G of the fuel by means of chemical reactions, 
without recurring to combustion, like the fuel cells for 
example, has a higher ηII than that of a combustor. 

5 . EXERGY DESTRUCTION AS AN 
ECOLOGICAL INDICATOR? 
From equations (1) and (4) we see that the exergy 

destruction in a process can be expressed as a function 
of the initial and final thermodynamic states of all 
participating media. Could Eλ be used as an Ecological 
Indicator? It clearly possesses all of the required 
properties defined in Section 2, and thus the question 
that remains to be answered is: does Eλ measure the 
environmental impact of a process or of a series of 
processes that represent the “signature” of a specific 
community on the environment? We can anticipate that 
the answer is negative, but to justify this conclusion we 
must analyze the problem in more detail. 

5.1 . Thermal dissipation 
Consider first a situation in which the system S 

exchanges only thermal energy with the environment O, 
which is this case can be conveniently split without loss 
of generality into a “hot” and a “cold” portion (figure 
6). The heat flux Qh enters the system (e.g., solar 
radiation, geothermal heat), and the quantity Qc leaves 
the system (e.g., waste heat). The exergy content of the 
respective fluxes are a function of both the temperature 
of the heat flow and of the environment. Let us assume 
for simplicity’s sake that the entire Qh is provided at a 
temperature Th and the entire Qc is rejected at a 
temperature Tc, both higher than TO. For the exergy 
destruction we obtain: 

 0
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With TE=293°K, Th=500°K and Tc=308°K, equation 
(5) tells us that, for every kW of thermal input, 0.365 kW 
(or 36.5%) are destroyed in this thermal cascade. 

We can conclude that Eλ is a correct indicator of the 
adverse ecological impact of transferring energy from 
high to low temperatures, because it provides a measure 
of the resource depletion intrinsic in the conversion 
process. 

 
 

Fig. 6. A system exchanging only thermal exergy  
with the environment. 

5.2 . Mechanical dissipation (lost work) 
Consider now a different situation, in which the 

system S exchanges only mechanical energy with the 
environment O (figure 7). The power Pin enters the 
system (e.g., hydraulic or wind power), and the power 
Pout leaves the system (e.g., mechanical or electrical 
power). The system’s internal conversion efficiency is 
known and equal to ηS. The respective specific exergies 
are now equal to the respective specific works, and the 
frictional heat Qf (proportional to 1- ηS) is dissipated 
into the environment at a temperature so close to TO to 
be indistinguishable from it. For the exergy destruction 
we obtain in this case: 
 eλ = ePin − ePout − eQf =  
 = Pin·1 − η·S  (6) 

With ηS=0.9, equation (6) tells us that, for every kW 
of mechanical input, 0.1 kW (10%) are destroyed in this 
mechanical transformation chain. 

We conclude that Eλ is a correct indicator of the 
adverse ecological impact of mechanical dissipation, 
because it provides a measure of the resource depletion 
intrinsic in the conversion process 

 

 
 

Fig. 7. A system with only work exchanges  
with the environment. 

5.3. Chemical “dissipation” (lost work) 
Consider now a situation in which the system S 

exchanges only chemical species with the environment 
O (figure 8). The two pure substances A (say, carbon C) 
and B (say, oxygen O2) enter the system, and the single 
product D (CO2 in this example) leaves the system. The 
respective exergies are a function of both the enthalpy 
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of formation of the reactants and of the product and of 
their respective temperatures. But, according to the 
definitions, they also depend on the concentration of A, 
B and D in the environment. Let us assume that the 
reaction A+B D is exothermic, i.e., that it generates a 
heat flux Qr at a temperature Tr higher than TO. The 
exergy destruction is in this case ([31]): 

( ) , ,ln
.

C c
O

C
r

T A O B Oe gD gA gB R
T D Ol

æ ö æ ö÷ ÷ç ç÷= - - - ÷ç ç÷ ÷ç ç ÷÷ç è øè ø
  (7) 

With TO=293°K, Tr=1000°K and (cA*cB)/cD=1, 
equation (7) tells us that, for every kW of chemical input, 
0.293 kW (or 29.3%) are destroyed in this chemical 
reaction. 

 

 
 

Fig. 8. A system exchanging only material species with the 
environment. 

 
Equation (7), however, does not convey any infor-

mation on another important property of the product D 
of reaction: whether D is toxic or not, and if it is, does 
not provide a measure of its toxicity level either ([3]). 

We are faced here with an extremely clear and 
profound limitation of our “environmental approach”: 
from all point of views, except from the anthropocentric 
one, El is a perfectly acceptable Ecological Indicator, 
because it correctly quantifies the effective “impact” on 
the environment of any natural or man-made process. 
Since though our real interest is of a more species-
egoistic type, we cannot accept “impacts” like sweet-
water eutrophication or global warming, to which the 
biosphere would perfectly adjust ([41]), because these 
phenomena are certain to have a negative impact on the 
survival of our species. The choice is one of value, of 
course, and therefore cannot be judged on a thermo-
dynamic basis: but the fact that a thermodynamic 
indicator like El that correctly measures irreversibility is 
not suitable as an EI because of our own anthropocentric 
attitude is perhaps worth some reflection. 

However, in line with the presently dominating 
perception of “environmental impact”, we must conclude 
that El is only an incomplete indicator of the adverse 

6. A BRIEF REMARK ON THE EXERGY  
OF LIVING FORMS 
The concept of exergy is so omnicomprehensive that 

the possibility of applying it to the analysis of living 
forms exerts a formidable appeal on biologists, physicists 
and thermodynamicists. The problem is complex and 

not entirely clear. It is obviously linked to the problem 
of calculating the rate of entropy generation of living 
beings. A concise and very readable statement of the 
enormous implications of these considerations can be 
found in Schroedinger’s “What is life?” [28], written in 
1945, before much of the modern work on nonequi-
librium Thermodynamics was published. In modern terms, 
the best formulation presently available is probably that 
of Kay & Schneider [22], which also contains a review 
of previous work in the field. Their position is that 
“life” is a “tool” invented by evolution to better exploit 
the energy available on Earth. From elementary living 
organisms (bacteria, protozoa) to plants to carnivore 
mammals, the “goal” of living systems seems to be that 
of “smoothing out gradients”, capturing and degrading 
the incoming energy (exergy) in the most “efficient” 
way (i.e., with the smallest global entropy generation 
possible under the given boundary conditions). Jørgensen 
and coworkers elaborated on this approach, introducing 
the concept of “growth of complexity” and of “infor-
mation content”, both of which they analyze in terms of 
exergy. According to their view, a more complex 
structure, which contains more genetic information, may 
emerge from a less complex one without causing a 
global exergy destruction [17,21]. 

This approach is opposed by “classical” thermo-
dynamicists: they maintain that, while it is true that 
Prigogine’s idea that a structure more complex than its 
surroundings may “release” entropy into its proximate 
environment and position itself at a lower entropic level, 
the conditions under which this phenomenon appears 
are not general, but strongly linked to (and limited by) 
the specific physical characteristics of both the system 
and its environment and to the particular boundary 
conditions applied. In other words, classical Thermo-
dynamicists negate the general validity of the socalled 
“Lotka principle” [24], according to which a colony of 
organisms always structures itself in such a way to 
maximize the absorbed power. 

We shall not delve into this topic here: it suffices to 
say that it is a highly controversial issue, and that 
seemingly sound “proofs” have been presented by both 
sides. Until a general time-evolution equation for non-
equilibrium systems is found, the problem remains 
open. It is noteworthy that [6,27] there appears to be a 
possibly general “evolutionary paradigm” according to 
which structures evolve by minimising the irreversible 
entropy generation rate while abiding to a well-defined 
set of (possibly random) space- and time boundary 
conditions: this line of research is still in its infancy, and 
is perhaps worth pursuing. 

7. THE PROBLEM OF THE NON-
ENERGETIC PRODUCTION FACTORS 
Toxicity is not the only factor that is not measurable 

with a purely thermodynamic analysis. We must there-
fore try to extend our method to include toxicity and the 
other “environmental expenses” that must be charged to 
a certain commodity. It is well known from economic 
theory that the “cost” of a product is given by an 
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expression called the Production Function. Without further 
justification (see [6]) we can assume the following form 
for such a function: 

 c j = f (K , L, E, M ,O)  (8) 
Where cj is the “cost” of a unit of the (material or 

immaterial) commodity, K is the amount of monetary 
capital (€) required by its production, L the amount of 
labour (workhours), E the exergy (J), M the necessary 
materials (kg), and O the environmental remediation 
cost (monetary cost of the remedial action necessary to 
annihilate or reduce the effects of product j on the 
environment). The five terms inside of the brackets in 
equation (8) are called the Production Factors. 

We are looking for a method in which both cj and 
the Production Factors are homogeneously expressed in 
terms of a thermodynamic function. We have seen in 
Section 4 that Exergy accounts for E and M: since the 
exergy destruction appears to be the most complete 
indicator we have analyzed so far, it seems appropriate 
to use exergy as the common quantifier for the remain-
ing, non-energetic Production Factors. To do this, we 
need to devise a general method to represent the 
operative structure of complex production systems: this 
is the topic of the remaining of this Section. 

7.1. Structural Representation of Energy 
Conversion Systems 

To compute the exergy destruction of a Complex 
System we need to take into proper account the complex 
interconnection of its components, which makes the 
response of the system to a variation in the performance 
of one of its sub-units not easily predictable (and, for 
VLCS like most of the biological ones, only fuzzily 
predictable). There may be cases in which to an increase 
in the efficiency of one component corresponds an 
overall performance deterioration. Several methods have 
been proposed in the past to represent these cross-effects: 
we describe here in some detail a procedure based on a 
“Leontieff input-output model” which results in a 
matricial representation of the process, similar to the 
one first developed by Valero and coworkers for their 
“symbolic exergo-economic method” [37,38,39] and 
extensively used in all Thermo-Economic calculations. 

Consider again the cogeneration process of figure 5, 
which we shall here refer to as “P”, and define a 
Connectivity Matrix CM constructed according to the 
following algorithm: 

a) the j-th column (j=1…N) of CM represents the j-
th process stream; 

b) the i-th row of CM (i=1…M) represents the i-th 
component; 

c) the generic element CMjj is: 
0 if flux j does not interact with component i 
1 if flux j enters component i -1 if flux j exits 

component i 
With M=6 and N=13, figure 9 represents the CM(6,13) 

for the plant of figure 5. This matrix representation of a 
process is the basis for a compact and elegant computa-
tional procedure. By inspection, we see that some of the 

streams transport mass and exergy (1,2,3,4,5,9,10,11,12) 
and some only exergy (6,7,8,13). We can corres-
pondingly define a mass vector vm(13), every element 
of which represents the mass flow rate associated with 
the corresponding stream, and two energy- and exergy 
vectors vh(13) and ve(13), which contain the energy and 
exergy values of each stream respectively. As a further 
stipulation, vm contains a “0” in all positions cor-
responding to a “massless exergy carrier” (an energy 
flux like mechanical work, electricity, etc.). It turns out 
[7,30] that the mass and energy balances as well as the 
exergy accounting of the process are described by the 
scalar product of the matrix CM with the three vectors 
vm, vh and ve respectively. 

 

 
 

Fig. 9. The Connectivity Matrix CM for the plant of figure 5. 
 

This formalism can be manipulated to compute the 
general transfer function of the process, i.e. the matricial 
function Π that pre-multiplied by any property vector of 
the input streams (the “fuels” in TE terminology), 
provides the resulting property vector for the output 
streams: 
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Where veλ is a vector that contains the exergy 
destruction in each component. 

There is a direct relationship between CM and Π 
(neither one of which is necessarily square), the second 
being a sort of augmented form of the former, but with 
the “0” and “1” substituted by proper influence coef-
ficients αij (see below). The transfer function Π is itself 
of course a function of the internal characteristics of 
each component, in particular of the efficiencies. Once a 
closed form expression for ΠΠ is known, we can study 
the sensitivity of the process performance to that of each 
one of its components. 

To make the system (9) solvable, we must add ad-
ditional equations that make the global coefficient matrix 
square. These equations, called auxiliary equations, 
cannot be derived from mass- energy or exergy balances 
(which have already been used to write the ΠΠ matrix): 
they express some additional relations between (some 
of) the outputs and (some of) the inputs of individual 
components. For all practical purposes, the auxiliary 
equations (that contain some allocation coefficients αij) 
are allocation equations, and quantify how much of a 
certain input can be attributed to a certain output. 
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General sets of rules exist ([5,36]), but in essence 
these auxiliary equations represent the designer’s 
interpretation of the physics of the process, and are 
therefore arbitrary. When assessing the performance of 
a conversion system, it is convenient to adopt the 
formalism of the “influence coefficients”, first proposed 
independently by Beyer and Brodyansky in the ‘70es 
[9,11] and later systematised by Kotas. For each 
component, we thus define a coefficient of structural 
bonds sij and a coefficient of influence cij: 
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In equation (10), El,P and El,k are the exergy 
destructions of the entire process and of the k-th 
component respectively, linked to the efficiency by: 

 1
input

E
E

lh = -  (12) 

If the i-th thermodynamic variable xi is varied, the 
result is a change in the efficiencies of some of the 
components: the sensitivity of each component is 
measured by ∂El,k/∂xi. At a higher aggregation level, 
the coefficient of structural bonds sk,i measures the 
sensitivity of the process to a variation of the efficiency 
of the k-th component. But the variation of the 
efficiency of components that operate on quantitatively 
small exergy flows is not as important for the process as 
that of a major component that elaborates the “main” 
fluxes of exergy: this aspect is quantified by the influence 
coefficient cij. If a variation of the i-th thermodynamic 
variable xi causes a variation in the magnitude of a 
certain exergy flux Ej, cji measures the influence of this 
variation on the overall input of the process. Once s and 
c are known, we can analyse formally, i.e., without 
recurring to a numerical process simulation, the influence 
on the output of a variation in the inputs of the process. 
The problem is, of course, that to obtain these coefficients 
we must recur either to an extensive experimental 
campaign or to numerical process simulations. 

8. EXERGO-ECONOMICS AND EXTENDED 
EXERGY 
Accounting. To overcome the limitations caused by 

the incompleteness of El as an Ecological Indicator, all 
Production Factors must be included in the picture. But, 
in a “production” process, be it natural or anthropogenic, 
how can we convert monetary expenses into exergy 
fluxes? An answer was first provided by the previously 
referenced Emergy Analysis method [26], which maintains 
that the Monetary Capital that circulates in a Society (a 
town, a County, a Nation) is entirely supported by, and 
therefore equivalent to, the amount of solar energy that 

maintains life in the environmental niche in which that 
Society thrives. This idea is in line with Herman Daly’s 
critical assessment of the economic theories of growth: 
an economist by trade, Daly (echoing and developing 
concepts formulated by others, like Nicholas Georgescu-
Roegen [18] and Robert Costanza [14]) distinguishes 
between Natural (“NC”) and Monetary Capital (“MC”) 
and demonstrates that the two are not completely 
substitutable for each other, but rather complementary 
[15]. The conclusion is that the key to our survival as an 
industrial Society on Earth is the amount of resources 
we avail ourselves of, and not the capital intensity. 
From a completely different point of view, Jan Szargut 
had reached similar conclusions: he devised a procedure 
to “track” all amounts of exergy used in the production 
of a commodity from the mining of the raw materials to 
the final distribution and disposal, and associated a 
Cumulative Exergy Content (“CEC”, [34]) to each good 
or service, to express its “value” in purely exergetic 
terms. Extending and formalizing Szargut’s approach, 
Valero developed his “Symbolic Thermo-Economics” 
in which the “cost” of a commodity is calculated not per 
unit (€/piece) but per exergy content (€/kJex): in this 
way, irreversibilities can be priced, and capital expenses 
compared with avoided thermodynamic losses, so that a 
monetary- and resource-based process optimization can 
be attained. Still, neither one of the above Authors 
addressed the problem of how to convert non-energetic 
expenditures into resource consumption indices. Extended 
Exergy Accounting (“EEA”) is the first theory to 
provide a unified treatment of these issues, along the 
guidelines discussed here below. 

First of all, let us define the specific extended exergy, 
ee, as the sum of the physical exergy defined by equation 2 
and of the equivalent exergy of Capital (eeK), Labour (eeL) 
and Environmental Remediation (eeO) activities. These 
equivalent exergies are expressed in kJ (their fluxes in 
kW), and represent the amount of primary resources re-
quired to generate one monetary unit (eeK), one workhour 
(eeL) and to annihilate a certain pollution (eeO): 

 eecommodity = eph + ech + ek +  
 + ep + eeK + eeL+ eeO [J/kg, J/J or /unit]     (13) 
The fundamental premise of EEA is that economic 

systems are eco-systems that function only because of the 
exergy fluxes that sustain human activities. All 
agricultural, industrial and economic activities can only 
exist as long as they exploit ("use") biophysical resources 
taken from a reservoir of non-infinite mass capacity but 
of practically infinite exergy capacity: from this point of 
view, it appears clearly that exergetic content, and neither 
capital nor labour is the correct measure for the value of a 
commodity or a service. To support the cancellation of 
monetary prices would be though both unrealistic and 
destabilising: but EEA shows that an alternative “price 
tag” of a commodity can indeed be calculated on the 
basis of its extended exergetic content (i.e., its total 
embodiment of primary exergy). 

EEA adopts the standard exergy accounting method 
of Szargut [34] to embody into a product all of the 
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exergetic expenditures incurred in during its production. 
Extraction, refining, transportation, pre-processing, final 
processing, distribution and disposal activities are com-
puted in terms of exergy “consumption” (recall that exergy, 
unlike energy, is not conserved, and in each step of the 
production line a portion of it is irrevocably destroyed 
by irreversible entropy generation, figure 10). Thus, the 
“exergetic” production factors can be accounted for in 
full, with the method outlined in Section 7 above. The 
following Sections describe how to compute the equivalent 
exergy fluxes for the three “non-energetic” externalities 
(Labour, Capital and Environmental remediation costs). 

 

 
 

Fig. 10. Cumulative Exergy Consumption and Exergy 
Destruction in a production line. 

8.1. Labour, L, and Capital, K 
The numerical correlation between the equivalent 

extended exergy of the unit of Labour and of Capital 
can be established by the following reasoning: the total  

net exergy primary influx Ein (J/yr) that flows from the 
environment into a society S in the form of energy- and 
material fluxes can be regarded as the “thermodynamic 
fuel” of the large number of very complex processes 
that result in the operation of the society. The “products” 
of S are all generated, used and disposed of internally, 
and its only “outputs” are the waste materials and the 
waste energy that S discharges into the environment 
(figure 11). The four classical Production Factors” 
within S are Energy (exergy), Materials, Labour & 
Capital: the first two are already contained in Ein, while 
the last two are generated within S. We can therefore 
assign to Labour - and in general to human services- an 
equivalent exergetic value equal to a portion of the total 
(yearly averaged) primary exergetic resource input Ein 
divided by the number of working hours in S: 

 ,
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where α is an econometric coefficient to be derived 
from an analysis of the exergy flows in S and from 
socio-economic data: the matter is discussed in [35], 
and Table 2 displays the values of a for some selected 
Countries. 

 

 
 

Fig. 11. The interactions between a Society and its 
environment. 

 
To compute the exergy equivalent of Capital, one 

can start by noticing that, in general, the monetary 
circulation in S is proportional (in a very broad sense) to 
the Labour generated in S, and write: 
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Here, β is a Country-specific constant that represents 
the “capital intensification factor” of that Country, is space 
& time dependent, and must be derived from econometric 
studies: some calculated values are also shown in Table 2. 

 
Table 2 

Values of the Labour (eeL) and Capital (eeK)  
extended exergy factors for selected Countries [35] 
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Notice that the very same definition of the exergy-
equivalent implies that different Countries may have 
different eeK, due to their different productive and eco-
nomic structures and lifestyles, and that for a Country 
both eeK and eeL may vary over time, due to an evolving 
social structure. 

The capability of attaching to the labour input (taken 
here to include all service-related, blue- and white collar 
human activities) a properly computed exergetic value 
is perhaps the most relevant novelty of EEA. Currently, 
in all practical applications of Engineering Cost 
Accounting, including Thermo-Economics, Labour is 
either completely neglected or it is accounted for on a 
purely monetary basis: this is though unsatisfactory, 
because it assigns a higher weight to market conditions 
and financial considerations than to social, technical and 
environmental issues that if properly valued may so 
distort the objective function that new solutions emerge. 

8.2. Environmental impact, O 
All current methods for assigning a monetary cost to 

environmental damage in essence suggest that, once a 
substance is acknowledged to be (in some sense) 
harmful, it becomes "regulated", i.e., legal upper limits 
are set to its free release into the environment. This is 
equivalent to setting, for a given technology, an upper 
limit to the acceptable clean-up costs for that particular 
effluent. For many pollutants, though, the present en-
vironmental situation demands that even a small amount 
of each one of these pollutants be, strictly speaking, 
intolerable. To circumvent this incompatibility, i.e., to 
make a non-zero limit “acceptable”, the risks to humans 
are assessed in terms of monetary health- and life-
expectancy parameters, and an upper bound is set to the 
expenditures in such a way to remain below a certain 
statistical probability of incurring in that risk. It is easy 
to see that this method actually promotes an unfair 
transfer not only of the pollution, but also of the health 
risks from a region to another. As a partial remedy to 
this unfairness, it has recently been proposed to link 
the monetary structure of the environmental levies to 
energetic considerations: this is the rationale behind the 
"pollution commodity trading" and the "exergy tax". 
These are remedial measures though, aimed at a fairer 
redistribution of the "environmental pressure" on a 
global scale, and do not address the issue of how high 
the actual environmental "cost" is (all current methods 
take the currently regulated values as a basis for their 
calculations). 

The EEA approach [29] is substantially different, 
and it is based on the calculation if the virtual exergetic 
clean-up (remediation) costs: consider a process P 
(figure 12a), and assume that its only effluent is a 
stream which contains hot chemicals, some of which not 
at their standard environmental concentration. To 
achieve a zero environmental impact, these chemicals 
would have to be brought to both thermal- and chemical 
equilibrium with the environment O: thus, the real 
exergetic cost of the zero-impact is not proportional to 
the physical exergy of the effluent, but is rather equal to 
the extended exergy (sum of the net physical exergy 
spent in the clean-up process, plus the invested exergy -
Labour and Capital-required by the installation and 
operation of the effluent clean-up devices) ideally 
required to cool the effluent to TO and break it up into 
its constituents such that each one of them is in 
equilibrium conditions with the surroundings. A 
representation of such an effluent treating process is 
shown in figure 12b: the additional process Pt may 
generate some useful exergetic output, requires an 
energetic input, some auxiliary materials, labour and 
invested exergy, but its output will have a zero physical 
exergy. The additional exergetic expenditures required 
by Pt must be charged to the effluent O2, whose 
extended exergy (i.e., its “cost” in terms of primary 
equivalent resources) will now be higher than its 
physical one. Because of the inclusion of the virtual 
remediation costs in the extended exergy balance, the 
overall conversion efficiency of the joint process (P+Pt) 
is decreased. There may be effluents for which some of 
the chemical decomposition reactions take place 
"spontaneously", in a short time and in the immediate 
surroundings of the emitting source: in such cases 
(figure 12c) the reactions must draw on some exergy 
source within the environment (a certain particular 
chemical catalyst, oxygen, water, solar radiation, or 
even a biological system), and this exergy flow must be 
accounted for as well. 

EEA thus allows for a consistent incorporation of 
the effects of effluent treatment in the extended 
exergetic balance of a process, and provides an absolute 
order-of-magnitude estimate of the minimum exergy 
consumption necessary to achieve zero-impact. Notice 
that, if an acceptable level of pollutant is specified, then 
the minimum exergetic expenditure will be proportional 
to the difference between the values of the physical 
exergies of the effluent stream between the point of its 
release and the "regulated" state point.  

 

 
 

Fig. 12a. The effluent Q2 is not at refference conditions. 
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Fig. 12b. Treatment of the effluent Q2. Each final effluent is at its refference conditions. 
 

 
 

Fig. 12c. Only a portion of the clean-up is performed by man-made treatment processes; the remaining  
takes place spontaneously by bio-degradation in the immediate surroundings. 

 
Here, we recover one of the desirable features of 

present environmental cost estimates and at the same 
time avoid the considerable effort required to determine 
what the tolerable environmental impact limit" for a 
certain pollutant would be. 

Once the fluxes M, E, L, K, O (our individual 
“production factors) have been computed in terms of 
exergy-equivalents, EEA makes use of the structured 
representation described in Section 5 to compute the 
costs of the final products and to study their dependence 
on a variation of process parameters. All terms being 
now expressed in terms of a uniform quantifier, the 
procedure is somewhat simpler and -more important-
absolutely independent of external factors as market 
fluctuations or time-varying currency exchange levels. 

9. EXAMPLES OF EEA  
APPLICATIONS 

9.1. A cogenerated gas turbine plant 
Considering again the simple cogenerating gas-

turbine shown in figure 5, let us try to “cost” its product 
using different standards (i.e., measures). Since there 
are in fact two separate products (heat and electricity) 
the additional assumption was made of allocating all 
fuel, capital and labour costs equally to steam and work. 
Environmental remediation costs (both in terms of 
energy and capital) have been neglected. 

a) From a First Law point of view, the energetic cost 
of the products is the reciprocal of the plant efficiency. 
Here, cen= 1.151 J/J; 
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b) From a Second Law point of view, the exergetic 
cost of the products is the reciprocal of their exergy 
efficiency of the plant. Here, cex=2.398 J/J; 

c) From a monetary point of view, the cost (under 
the above mentioned allocation assumptions) turns 
out to be cel=0.035 €/kWh and csteam≈ 0.013€/kg 
(cheat=0.013 €/kWh); 

d) If we use the steam exergy content in the 
monetary calculations, we obtain cex,steam= 0.017€/kg 
(cex,heat=0.032 €/kWh); 

e) EEA keeps track of all the exergetic “expenses” 
in the life-chain of the society in which the plant 
operates, and measures “cost” by the total amount of 
exergy “used up” to generate the product, i.e., by its 
specific extended exergy. We obtain eeel=2320 J/J and 
eeheat=2111 J/J (eesteam=4140 MJ/kg). 

9.2. Ethanol production from biomass 
Ethanol production from biomass, though convenient 

from an environmental point of view when based on 
“waste” biomass, is a rather inefficient process both 
from an energetic and an exergetic point of view. A 
comprehensive analysis is presented in [32]: the results 
indicate that, while a First Law Analysis indicates that 
approximately 34 MJ are needed to produce 1 liter of 
Ethanol, an exergy analysis leads to a value of 28 MJ of 
exergetic input per liter. The high ratio (0.82) between 
the two values indicates that “high quality energy” (carried 
by high-T steam, chemical additives and electrical current) 
represents a major contribution to the input streams. On 
a monetary basis, the production cost of 1 liter of 
C2H5OH is equal to 0.164 €/liter. An EEA analysis 
modifies somewhat the picture: taking as a basis the 
total exergetic yearly input into the country (data for 
Italy 1998), the exergetic resource consumption amounts 
to 35.5 MJ/liter (16.9 if the extended exergy equivalent 
of the proceeds from the sale of byproducts is included 
in the balance). Since the Italian economy in that year 
had a capital equivalence factor Kcap=18.2 MJ/€, the 
equivalent monetary cost, recalculated from the extended 
exergy invested in the process, turns out to be much 
higher and equal to 1.95 €/liter (0.93 with byproducts 
recovery). EEA thus shows that current accounting 
techniques underestimate the commercial production 
cost of ethanol by 1.5 to 3 times! Such a result is 
surprising, and can be only partially explained by the 
fact that the economics of the plant are distorted by 
the agricultural incentives that encourage the recycling 
of corn overproduction, contributing in practice to 
“subsidize” the biomass-to-ethanol process. 

10 . CONCLUSIONS 
Exergy destruction is a proper indicator of the global 

conversion performance of an energy-conversion chain, 
including complex production structures. As an Ecological 
Indicator, though, it fails to account for non-thermo-
dynamic effects, like toxicity, capital- and labour intensity, 
and environmental remediation costs. Extended Exergy 
Accounting is based on a purely exergetic paradigm and 

represents therefore the most general example of Exergo-
Economics: it results in a quantitative “performance 
parameter”, the Equivalent (or Extended) Exergetic 
Content EE, which enjoys the necessary attributes of an 
Ecological Indicator. There is hope that in the near 
future EEA will constitute the basis for our cost-
accounting procedures: when (and if) this occurs, we 
will be able to assess our natural and anthropogenic 
processes on performance indicators that correctly 
reflect the resource-to-final-use (including disposal, in a 
omni-comprehensive cradle-to-grave approach) of our 
exergy resources. 

Nomenclature 
c – Molar concentration 
cp – Specific heat, J/(kgK) 
En – Energy, J 
e, E – Exergy, J/kg or J 
g – Gravitational constant, m/s2 
g,G – Gibbs’ free energy, J/kg; J 
h – Enthalpy, J/kg 
I – Input vector 
m – Mass flow rate, kg/s 
O – Output vector 
p – Pressure, Pa 
P – Power, W 
Q – Heat flux, W 
T – Temperature, K 
t – Time, s 
V – Velocity, m/s 
W – Work, J 
z – Elevation, m 
η – Efficiency 
∝ – Chemical potential, J/kg 
ΠΠ – Transfer function 
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