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Abstract: Exergy is a thermodynamic concept that has been widely promoted for
assessing and improving sustainability, notably in the characterization of resources and
wastes. Despite having many notable benefits, exergy is often misused by authors who
tend to apply it as an intrinsic characteristic of an object (i.e., as a static thermodynamic
variable). Using both theoretical and empirical evidence the authors present five key
limitations that must be overcome before exergy can be applied to characterize objects:
(1) the incompatibility between exergy quality and resource quality; (2) the inability of
exergy to characterize non work-producing resources via the concentration exergy; (3) the
constraints placed on the derivation of exergy; (4) problems with the exergy reference
environment; and (5) the multiple perspectives applied to exergy analysis. Until the
limitations are addressed, exergy should only be used for its original purpose as a decision
making tool for engineering systems analysis.
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1. Introduction

In recent years, the use of exergy analysis has been promoted as a thermodynamic tool for assessing
and improving sustainability [1-14]. For example, when discussing the assessment of green energy
technology, Rosen and Dincer argue that exergy analysis provides information that is more useful and
more meaningful than energy analysis [4]. Due to its notable benefits and promotion by
thermodynamic experts, exergy is applied—oftentimes for the purpose of sustainability—in several
different disciplines, including: ecology [1-3,15-24]; complex systems [3,16,25]; resource accounting
and lifecycle assessments [8,11,14,26-37]; engineering [4,10,12,13,38-52]; and even social theory [53].

Despite its popularity and noted benefits, exergy is often being misused. Specifically, in many
applications the exergy value of an object is assigned as if it were intrinsic to that object. In other
words, exergy is used to characterize the object, and assigns a static thermodynamic value to that
object. Unfortunately, such an application of exergy has not been well established, and does not follow
from the formulation of exergy.

This paper will present a new perspective on the derivation and application of exergy. The objective
of this paper is to argue that exergy is not a static thermodynamic property of a substance. Specifically,
the authors will argue that exergy should not be used to uniquely characterize the physical value of a
resource, nor the impact of a waste, both of which are fundamental to the use of exergy for
sustainability. Instead, exergy and exergy analysis should be applied only for its original purpose; as a
decision making tool with the general goal of improving process efficiency as measured by work or
work potential, or by identifying areas of exergy destruction or entropy production.

The limiting of exergy to systems analysis has implications for how exergy is applied in scientific
investigation. For example, the use of exergy to measure water quality [54] or to compare efficiencies
in lifecycle assessments [8,36] must be revisited, as well as any policy recommendations following
from the research.

The outline of the paper is as follows: a historical background of the attempts to use exergy to
quantify wastes is presented. Following this, the use of exergy to characterize resources will be
discussed. Finally, arguments will be provided as to why exergy is not suited for either resource
valuation or waste impact. Before beginning the discussion, the authors would like to note the
following clarifications. In this paper, unless otherwise noted, all references to ‘exergy’ refer to
non-flow exergy. This is keeping in agreement with the authors discussed in paper. Secondly, when
the term ‘resource value’ is used, it refers to physical resource value, as opposed to economic or
aesthetic resource value, which is once again keeping in agreement with the authors discussed in
this paper.

2. Attempts to Characterize Waste Impact Using Exergy

The connection between the exergy content of a waste is not new, and dates back to the early 1990s,
with the work of Crane et al., and the even earlier works of well-known exergy researchers, such as
Szargut, Reistad, Gaggioli and Rosen [39], and Wall [26].

To discuss exergy as a measure of waste impact, the term ‘waste’ must be defined. Ao, Gunnewiek
and Rosen define a waste emission as “a release to the environment of a material not considered
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usable” [38]. Using this definition, Ao, Gunnewiek and Rosen then provide a compelling argument
that links exergy to waste impact, which is as follows [38]:

Exergy can ... be viewed as a measure of the departure of a substance from equilibrium
with a specified reference environment, which is often modeled as the actual
environment.... The exergy of an emission to the environment, therefore, is a measure of
the potential of the emission to change or impact the environment. The greater the exergy
of an emission, the greater is its departure from equilibrium with the environment, and the
greater may be its potential to change or impact the environment

Other researchers have proposed similar arguments [4,5,8,10,39,43-45,47,54-58]. One consequence
of this argument connecting exergy to waste is that a substance in equilibrium with the environment
has no exergy and no ability to cause harm [38,44], and this has led to the promotion of zero exergy
emission processes in lifecycle assessments [36].

Despite the seeming simplicity of the argument linking exergy to waste impact, there has been very
little formal agreement amongst researchers as to whether it is valid or not, and how it should be
applied. For example, Rosen’s work in the 1990s found little correlation between exergy and waste
impact [44,45] and, Ayres and Favrat both claim that exergy cannot measure toxicity [56,59].
Similarly, Szargut argues that exergy is not proportional to impact [60]. However, other authors
contradict Szargut by claiming that waste impact, as measured by exergy, is additive, and therefore
proportional [54,55,57,58].

To add to the confusion, some authors have claimed that the exergy embodied in the waste is the
minimum work required to bring the waste into equilibrium with the reference
environment [44,45,54,57,61], while others have claimed the exergy embodied in waste is a measure
of work that may be produced by bringing the waste into equilibrium with the reference
environment [62,63]. Furthermore, some authors are not even consistent about whether the exergy
embodied in a waste represents work potential, or work required [30]. It must be mentioned, however,
that the definition of exergy—maximum useful to the dead state work [64]—directly contradicts the
interpretation that it may require work to bring a substance into equilibrium with the reference
environment. By definition and derivation, non-flow exergy is always positive for any system out of
equilibrium with its reference environment, or zero if in equilibrium with its reference environment.
That is, to interpret the exergy embodied in waste as a work requirement is to effectively assign a
negative exergy value to the waste, and this contradicts the requirement that exergy is always positive.

In a recent critical review of exergy indicators of waste emissions, Ao and Rosen concluded that
exergy could be a meaningful indicator of environmental impact if researchers could develop “reliable,
objective, and widely accepted exergy-based indicators” [38]. However, in light of Rosen’s earlier
work that found little correlation [44,45], the vision that exergy could be a meaningful indicator of
waste impact does not mean that it is.

Based on the disagreements above, it is easy to see how using exergy to characterize the impact of a
waste product on the environment currently has little to offer any form of environmental or
sustainability assessment. A researcher adopting an exergy perspective would not know whether they
should assume exergy is proportional or not to waste impact (and if not, what should they do?), nor
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whether the exergy embodied in the waste is even a bad thing (it may provide useful work or other
benefits as per the saying, “one person’s waste is another person’s gain (or raw material)”).

3. Applying Exergy to Characterize Resources

While the use of exergy to characterize waste impact has created some measure of debate and
disagreement, the use of exergy to characterize the physical value of a resource is a proposal that
appears to be generally accepted [7,11,14,26-31,34,35,54,55,65]. In this section, the authors will argue
that similar to the problems in linking exergy to waste impact, linking exergy to resource value is
almost equally problematic. This section will begin by outlining the argument to use exergy as a
measure of resource value.

3.1. Linking Exergy to Resource Value

The argument to use exergy to measure resource value begins with the ‘observation’ that resource
consumption is not well quantified using matter or energy, primarily because both are
conserved [4,8,11,26,34]. In other words, from the perspective of the first law of thermodynamics
there is no such thing as resource consumption, and resource consumption is improperly
defined [36,66].

To quantify how important aspects of a resource change during consumption, exergy proponents
invoke the second law of thermodynamics by noting that resource consumption is analogous to the
degradation of the resource quality [26,36,66]. In other words, the degradation of exergy in a resource
is a measure of the amount by which the value of the resource is consumed. Following from this, the
exergy content of a resource is a measure of the value of a resource [5,6,9,11,14,26,34,36,60,67,68].
To quote Valero et al. and Szargut et al., “the thermodynamic value of a natural resource can be
defined as the minimum work necessary to produce it with a specific structure and concentration from
common materials in the environment” [31,34,35]. Valero goes on to relate the exergy content of the
Earth to the Earth’s ‘natural capital’ [34].

3.2. Problems with Relating Exergy to Resource Value

While the theoretical argument connecting exergy to resource value described above has some
intuitive appeal, there are theoretical and empirical problems that have not been addressed. In the
following section, the authors will present two such problems with linking exergy to the value
of a resource.

3.2.1. Theoretical problem—the different perspectives of exergy

The first problem regarding exergy and resource value is that of multiple perspectives. Simply put,
it is difficult to reconcile how exergy may be simultaneously the value of a resource and the impact of
a waste. Both resources and wastes are, by definition, out of equilibrium with the reference
environment; otherwise, they would have no exergy content, and no value and/or no ability to cause
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harm. However, the exergy content of a resource may just as easily be interpreted as the ability of the
resource to cause harm, as it is the value of the resource. In other words, there is no a priori reason
why exergy represents value or harm for a given item (resource or waste). This is illustrated in
Figure 1 below.

Figure 1. Different perspectives taken on the same two thermodynamic items.

Resource [tem 2 Exergy = 80 ] Waste
Perspective 1 Perspective
Item 2 is twice as [tem 2 is twice as
valuable as Item 1 Item 1 Exergy =40 ] harmful as Item 1
F 3
[ Environment J

Exergy is a context sensitive thermodynamic concept because it is always measured with respect to
a reference environment [13,14,26,34,46]. However, this context sensitivity only provides the
thermodynamic distance between the item (resource or waste) and the reference environment. This
context sensitivity says nothing about how this thermodynamic distance may be interpreted. The
interpretation of the thermodynamic distance is a question of perspective. Unfortunately, exergy is
blind to perspective, and any perspective applied to exergy is provided by the researcher, and not by
the concept itself.

Rosen addresses the harmful/helpful perspectives of exergy by arguing that the difference is
whether the exergy is constrained or not [4,40,43,44]. According to Rosen, “most resources found in
the environment are constrained and are by virtue of their exergy of value, while unconstrained
emissions of exergy are free to impact in an uncontrolled manner on the environment” [43]. These
authors would argue that Rosen’s approach still requires refinement before accepting exergy as a
measure of resource value or waste impact. For example, sunlight, water, and wind, are three vital, but
unconstrained, resources. Furthermore, while sunlight, water, and wind are all considered resources
(i.e., electricity generation, photosynthesis), too much of them at a given time may cause harm
(i.e., sunburn, flooding, and tornadoes). In this respect, the perspective required to discern harmful
from helpful exergy is not solely a matter of constraint. Despite the potential incompleteness of
Rosen’s approach, it is noteworthy that he has explicitly addressed the question of perspectives
of exergy.

To slightly broaden the discussion of exergy perspectives, it should be noted that within the
ecological and systems literature, exergy is often understood as the means by which self-organizing
systems self-organize. Some notable examples include the work of Kay et al., Jorgensen, and even
some later publications by the Emergy group [1,2,19,20,22,64,69-73]. The issue, once again, is
whether the perspective of exergy as causing self-organization is valid, and under what conditions.
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3.2.2. Empirical problem—the lack of empirical validation

A second concern regarding using exergy to value resources is that the proposal has not undergone
much empirical validation. Instead, for the most part, the proposal that exergy is a useful metric to
characterize resource value or waste impact appears to almost have the status of a law, most often in
the realm of exergy lifecycle assessments and resource accounting methodologies [8,36,50-52].

In a recent dissertation, Valero produced some empirical results that may be reanalyzed to better
understand the relation between exergy and resource value [34],. The data from Valero related to the
relationship between the theoretical chemical exergy value of a mineral resource and the amount of
work required to upgrade the resource from a mixture to the pure state. Essentially, Valero was
assessing the relationship between theory and reality. Valero produced two scaling factors, ke, and k.
(the k-factors), that show the multiplicative difference between the theory and experimental results.
The k-factors shown are shown in equation form in Equation 1 [34]:

exp __ % ptheo
Bch - kch B

ch

Bexp — k *Btheo (1)

where B, and B.*® are the actual chemical and concentration work required to upgrade the mineral,
while B, and B.™ are the predicted work requirements (these are the theoretical chemical and
concentration exergies). The larger the k-factor, the weaker is the relationship between theoretical and
empirical exergy values. Valero compiled scaling factors for a variety of minerals, the first twenty of
which are listed in Table 1 [34].

Table 1. Selected k¢, and k. values—chemical and concentration exergy scaling factors.

Substance | k. :](C Substance | k. Ken
Ag 7,042 10 | Cs N.A. 1
Al 2,250 8 |[Cu 343 80.2
As 80 10 | F 2 1
Au 422879 |1 | Fe 97 5.3
Ba N.A. 1 Ga N.A. 1
Be 112 1 | Ge N.A. 1
Bi 90 10 | Hf N.A. 1
cd 804 10 | Hg 1,707 | 10
Co 1,261 10 | In N.A. 10
Cr 37 1 K 39 1

Source: adapted from [34].

While Table 1 is not complete, it is representative of the k-values listed by Valero in [34]. In
general, k. fluctuates widely, from a low of unity to a high of over 400,000. By contrast, k¢, generally
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stays within one order of magnitude (from 1 to 10), with a high of 188 for U, which is not
shown here [34].

The variations in k¢, and k; shown in Table 1 indicate very little correlation between the theoretical
exergy value and the empirical results. Furthermore, since the variation in k. is over several orders of
magnitude, it impossible to predict even approximate trends between theoretical exergy calculations
and reality.

There are several possible reasons for the wide divergence between theoretical and empirical
exergy value. For example, the reference environment may be inappropriately modeled. In her
dissertation, Valero does critique her own choice for reference environments, Szargut’s defined
reference states, by noting that it “should not be considered as a dead [reference environment], but
rather as a mathematical tool for obtaining standard chemical exergies of the elements” [34]. Potential
reasons for the disjunction between theory and reality will be discussed in the following section, and
includes problems with the reference environment formulation.

4. Deconstructing the Fundamentals of Exergy

In the section above, both a theoretical and an empirical argument were used to describe the
difficulties encountered when relating exergy to resource value. The current section will deconstruct
the basics of exergy by introducing four fundamental limitations with both the formulation and
application of exergy. These limitations include:

1. The compatibility limitations between exergy quality and resource quality

2. The inability of exergy to characterize non work-producing resources via the
concentration exergy

3. The limitations due to the derivation of exergy

4. Problems regarding the exergy reference environment

A fifth limitation, relating to the dual perspectives of exergy, has already been discussed above.
This problem is equally valid as the above four, but the point should not be belabored further.

4.1. The Compatibility Limitations between Exergy Quality and Resource Quality

The first limitation of exergy, and one that lies at the heart of this discussion is whether exergy in
fact represents a measure of resource quality. Earlier in this article, the primary argument for adopting
exergy as measure of resource consumption was presented: energy and mass are both conserved, while
exergy is not. Furthermore, resource consumption is analogous to the degradation of the resource
quality, where this quality is measured by exergy. However, with reference to Valero’s k-values, this
argument must be revisited.

One key to understanding the primary argument hinges on the definition of quality. Exergy
measures the quality of energy of a system where:

the quality of energy is related to the amount of useful work that can be obtained by
bringing the system into equilibrium with its reference environment.
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For work-producing resources such as fossil fuels or biomass, exergy is often an appropriate
measure of how much work can be extracted from these resources. However, for non work-producing
resources such as minerals, the quality of the resource is not likely the amount of useful work that can
be extracted from the resource. In other words, useful work is not a relevant characteristic of a mineral
resource; in general there are other physical elements of practical value that are not work related.

To extend the discussion of the definition of resource quality, there are valuable resources that have
little or no exergy, and for which exergy is clearly not capable of characterizing resource value. This is
most fundamentally demonstrated by the example of air as illustrated in Figure 2.

Figure 2. Both air and fuel are necessary for the oxidization process, but air is considered
valueless while the fuel has value.

Fossil fuel: Exergy = 80 ]
Cannot oxidize without air

Air (part of reference

environment): Exergy =0 ] Environment

With respect to the situation depicted in Figure 2, Ahrendts’ research into reference environments
led him to one possible reference environment where air was considered more valuable than fossil
fuels. Ahrendts called this reversal of value a ‘paradox’ [74].

Paradox or not, the issue remains that both the exergy measure of value and the exergy
quantification of value (where fuels have value and air has none) is problematic. A full discussion of
resource value is out of the scope of this article, although the topic is discussed elsewhere, such as
in [33]. What this article will address is one subset of the larger topic, namely a potential reason why
energy quality (useful work) is not a relevant characteristic of a mineral. This topic is discussed in the
following section where the relevance of the concentration exergy is examined.

4.2. Using Concentration Exergy to Determine Useful Work Production

To introduce the second limitation of exergy, it is useful to revisit Valero’s k-values discussed
above, and shown in Table 1. Within Valero’s k-values, it was the concentration exergy, represented
by the k. term, that showed the least relationship between theoretical and empirical exergy values. To
discuss some reasons why there is so little correlation between theoretical and empirical concentration
exergies, the derivation of the concentration exergy is provided.

The derivation of the concentration exergy appears to be commonly performed via the
Guoy-Studola theorem [for instance, see 34,75]. To quote Cengel, Cer¢i and Wood, “the beauty of
working with reversible processes is that we can work with the process that we feel most comfortable
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with, and then apply the results to the reverse process by simply reversing the directions of the
interactions” [75]. The Guoy-Studola theorem is necessary to apply the results in a reverse manner.
The Guoy-Studola theorem is shown in Equation 2 [76]:

VVI Bdeslroyedi = TOSgen (2)

ost ™

where W is the work lost during a process, which is equal to the exergy destroyed (Bgestroyed)- T° iS
the temperature of the reference environment, and Sgen is the entropy generated during the process.

Other qualifiers needed to derive the concentration exergy are the assumptions of ideal solutions
(based upon ideal gases), constant temperature, and constant pressure. These assumptions are made by
Cengel, Cerg and Wood [75] as well as the Exergoecology group [34,60]. It must also be noted that
for the Guoy-Studola to be applied in integrated form, as shown in Equation 2, the temperature must
be constant.

By assuming ideal gases, the derivation of the concentration exergy is relatively simple, because it
follows from the entropy of mixing. For an ideal gas at constant temperature and pressure, the entropy
produced by component ‘i’ in mixing is related to the change in volume as given in Equation 3 [34]:

Vio
=Rm7:—niRMXi 3)

1

S gen,i

where V; is the original volume of the ideal gas, Vi is the total volume of the mixing chamber
(final volume of the ideal gas), For ideal gases, the ratio between partial volumes is equal to the mole
fraction [76] represented by x;. The negative sign indicates that entropy generation monotonically
increases with the inverse of the mole fraction—that is, entropy generation occurs when the mole
fraction decreases, as the gas is dispersed/mixed over a larger volume.

Using the Guoy-Studola theorem, the work lost, or exergy destroyed, is simply the entropy
generated multiplied by the absolute temperature as shown in Equation 4 [75]:

Wlost = Bdestroyedi = Bc,i = TOSgen,i = _niRTO ln xi (4)

where the exergy destroyed, Bgestroyed,i, IS @IS0 the concentration exergy Be;, in this case by the invoking
the idea that the mixing process can be reversibly reversed (vis-&vis Cengel, Cerg@, and Wood [75]).
Equation 4 forms the basis of calculating exergy as applied to resource value determination. Bg;, the
concentration exergy of element i, is identical to Valero’s theoretical concentration exergy, Bctheo,
shown in Equation 1.

While it is possible to theoretically determine how much work can be produced via the
concentration exergy, to extract useful work from the mixing process requires both a (potentially
infinite) source of heat from the environment, and the existence of ‘semi-permeable’ membranes:
membranes that block the passage of some substances of choice while allowing all other substances to
pass through unhindered. At this point, semi-permeable membranes are mostly only theoretical
constructs in the sense that these authors do not know of any real set of semi-permeable membranes
that can selectively pass all the substances of choice in a mixture. For example, molecular sieves that
may pass small molecules or atoms but not large are semi-permeable, but to complete the set one also
needs a membrane that passes the large molecules or atoms but not the small, something a simple
molecular sieve cannot do.
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Putting aside concerns about semi-permeable membranes and how to actually extract work from
concentration exergy in practice, an obvious problem with the concentration exergy is that if a
substance is present in the system but not present in the reference environment then it will have
infinite concentration exergy. The reason for this is that the final molar concentration x; of the
non-environment substance will be zero (actually, x; is not exactly zero, x; approaches zero).
Correspondingly, the concentration exergy approaches infinity as the natural logarithm of x;
approaches zero (keep in mind the negative sign in Equation 4).

Beyond the theoretical limitations to chemical exergy as given in Equation 4 described above (ideal
solution, constant temperature, constant pressure, semi-permeable membranes and membrane set, and
need for all system substances to be a priori present in the environment), one must also discuss the
technical limitations related to extracting concentration exergy. To extract work via the
semi-permeable membranes, the substance of choice must push the semi-permeable membrane into the
reference environment since the work extracted from the concentration exergy is pressure-volume
(PAV) work. However, this requires both that the semi-permeable membrane is free to expand
infinitely (into the infinite reference environment), and that there is some means to capture this PAV
work. These requirements mean that serious limits exist on the ability to extract work from
concentration exergy to the point that in many cases it may well be technically impossible. The only
known application of semi-permeable membranes to these authors is that of osmosis, which is a very
specific and limited application. Furthermore, the difficulty of constructing a complete set of
semi-permeable membranes just makes this task of extracting concentration exergy that much harder.
As for reversing the direction of the semi-permeable membranes (i.e., in the ideal process) in an
attempt to increase a resource’s concentration exergy, the technical limitations are just as great. In this
regard, one should not be surprised to find the exergy input actually needed to create a resource
concentration is many times larger than, and shows no correlation to, the concentration exergy, as
provided by Valero’s k-values once again.

To summarize, the concentration exergy does not appear to be a relevant form of work production
or resource forming work input. These authors propose that this is the major reason for the wide
divergence of Valero’s k. values. Determining exergy, and useful work, based on the concentration
exergy is simply not realistic.

To relate this back to valuing resources via exergy, it seems clear that the concentration exergy does
not provide a meaningful means of valuing resources. The concentration exergy is, in many respects, a
pure theoretical abstraction that has little correlation to any meaningful empirical characteristics. There
IS no meaning derived from contrasting the value of different resources based upon their concentration
exergies. Unfortunately, as will be argued in the next section, the concentration exergy underpins the
very derivation of exergy.

4.3. Problems with the Fundamental Derivation of Exergy

The third limitation regarding the applicability of exergy relates to the formulation of exergy, and
how it places constraints on its application. It will be argued that the fundamental derivation of
non-flow chemical exergy depends entirely on the concentration exergy. To explain this dependence
on the concentration exergy, key points of Bejan’s [76] derivation of non-flow exergy will be quoted.
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While Bejan’s derivation includes mechanical, thermal, and chemical exergy terms, only chemical
exergy will be discussed here, primarily because it is the only form of exergy used to value resources.

Bejan describes the system as a mixture containing Ni, N, ...N, moles of n constituents. According
to Bejan, “the initial equilibrium state of the system is characterized by the temperature (T), pressure
(P), and n chemical potentials (w1, t&, ...,un) Which differ from the corresponding environment
specific properties (To, Po, to1, o2, --.,4on)” [76]. Note, the emphasis on equilibrium is placed by the
authors, and not by Bejan.

Bejan approaches the derivation of non-flow chemical exergy by posing the question [76]: “What is
the maximum useful work that could be produced as the system and the environment reach
equilibrium?” This maximum useful work is related to temperature and pressure differences between
system and environment, and (more important for this article) differences in chemical potentials
between system and environment. According to Bejan [76], “these [mole] numbers change as each of
the n constituents diffuses through its own semi-permeable membrane that makes up the
system-environment boundary.”

From Bejan’s description, it is possible to draw some potentially surprising conclusions regarding
the derivation of exergy, and subsequently surprising consequences for the application of exergy.
These conclusions are based upon the following three requirements imposed on the derivation of
non-flow exergy:

1. Requirement 1: Both the system and the reference environment are in a state of internal
equilibrium, as mentioned in the first Bejan quote.

2. Requirement 2: For every chemical species, there exists a semi-permeable membrane, as
mentioned in the second Bejan quote.

3. Requirement 3: Every chemical species present in the system is also present in the reference
environment. Without this requirement, even the minutest quantity of a chemical species would
have infinite exergy, as was explained above.

The first conclusion to be drawn from a strict application of the requirements above is that the first
and third non-flow exergy requirements are inherently in conflict. This is easily seen through an
example. Imagine a fossil fuel as the system of interest with the atmosphere as its environment. In this
case both the fossil fuel and the atmosphere can be in states of internal equilibrium thus satisfying the
first requirement. However, since fossil fuels are not considered a component of the atmosphere they
therefore have infinite exergy, which violates the third requirement. Likewise, if the fossil fuel is
considered part of the environment, then the environment is no longer in equilibrium, thereby violating
the first requirement.

The second conclusion, which follows from the first conclusion, is that when a system substance is
not present in its environment, chemical exergy can no longer be quantified, based upon the constraints
placed on the derivation. Notice in the fossil fuel example given in the previous paragraph that the
infinite exergy presents itself in the absence of considering chemical reactions which is bizarre since
all practical methods of extracting work (i.e., exergy) from fossil fuels is through oxidization
chemical reactions.

The third conclusion, which has already been alluded to, is that a system composed of a mixture of
a reactant (e.g., fuel, mineral) and an oxidizer (e.g., oxygen) cannot be characterized by non-flow
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exergy since such a mixture system is inherently in a state of chemical non-equilibrium, a violation of
the first requirement. From a practical perspective this conclusion is nonsensical. For example, a
fuel/air mixture in a compression ignition engine has a maximum work potential that is well
established to be characterized by exergy [77,78]. One solution to this inherent violation of the first
requirement is to make the first requirement less stringent. This will be discussed in the
following section.

The fourth conclusion is that as far as the authors are aware there are significant practical
difficulties to realizing semi-permeable membranes for all substances present in a given
system/environment combination. These difficulties were discussed in the previous section and
represent a substantial challenge to realizing Requirement 2. As a result it could be argued that an
alternative physical derivation of chemical exergy is needed that avoids the use of semi-permeable
membranes, but this is beyond the scope of this paper.

Based on the above four exergy conclusions, it appears that what many authors claim to be
non-flow chemical exergy may in fact be a different thermodynamic concept or at least a restricted
version of the exergy concept. That is, the very derivation of non-flow chemical exergy appears to
limit both its scope and relevance.

Before discussing the fourth fundamental problem with exergy, the problems with the reference
environment, a brief discussion of possible changes to the derivation of exergy described above
is provided.

Rethinking the derivation of non-flow chemical exergy

What seems needed is a rethink about exergy and how it balances conceptual theoretical limits
(e.g., reversible processes, infinite expansion into the environment) with practical world considerations
(e.g., existence of the physics needed to access exergy, finite size environments). This rethink may
include finite time considerations as discussed below. Although it is beyond the scope of this paper,
the reader may be interested in knowing that one of the authors has previously proposed such a
broadening of the concept of exergy, tentatively termed ‘generalized exergy’, by differentiating
between types of exergy based on practical restrictions (i.e., intrinsic, transport, restricted, accessible,
restricted-access, extracted, and hidden exergies) in addition to the conventional exergy types based on
gradient source (e.g., mechanical pressure exergy, thermal exergy, chemical exergy) [64]. Also, the
concept of generalized exergy acknowledges the existence of finite environments.

An example of how the exergy derivation may be rethought is to revise the requirements placed
upon the system and the reference state. For example, Bejan’s first requirement, that the system and
the reference environment are in a state of internal equilibrium, may be relaxed as follows (and this
may very well have been Bejan’s intent, just not explicitly stated):

Possible Revised Requirement 1: Both the system and the reference environment are in a state of
internal equilibrium or ‘pseudo’-equilibrium.

Pseudo-equilibrium is a standard assumption applied to enable a far from equilibrium system to be
described using equilibrium property values. A pseudo equilibrium state exists when all individual
substances or groups of substances can thermodynamically be well described by equilibrium property
values even while the system as a whole is far from equilibrium [79]. For example, a natural gas and
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air mixture at room temperature is far from equilibrium yet the natural gas and air are independently
well described by their thermodynamic equilibrium property values. In effect, a state of pseudo
equilibrium accounts for disparities in thermodynamic relaxation times; natural gas and air come
quickly into thermal and mechanical pressure equilibrium but not chemical equilibrium making time
an important consideration.

Another Possible Revision to Requirement 1: The reference environment is in a state of internal
equilibrium or pseudo-equilibrium.

In this case there is no mention of the initial system state since conceptually there should be no
reason to expect the initial system to be in equilibrium at all; all that is expected is that non-flow
exergy represent the maximum amount of useful work that can be extracted as a system comes into
equilibrium with its reference environment. In any event, a rethink of the requirements for calculating
exergy would seem in order, an endeavor that is beyond the scope of this paper.

4.4. Problems with Formulating the Reference Environment

The fourth challenge that exergy must overcome relates to problems with the formulation of the
reference environment. A complete discussion of the exergy reference environment is beyond the
scope of this article. However, a detailed discussion is provided in Chapter 2 of [80], or in selected
works of Rosen and Dincer (for example [10,45]).

As previously mentioned, one of the properties of exergy is that it is context sensitive because it is
always measured with respect to a reference environment. These authors question whether the natural
environment is an appropriate analogue for the exergy reference environment, and vice versa.

Both the Exergoecology group [31,34,35] and Ahrendts [74] have proposed exergy reference
environments that attempt to combine important characteristics of both an ideal infinite reference
environment and the natural environment. Both formulations have been critiqued for their respective
weaknesses. For example, Rosen and Dincer describe the Exergoecology reference environment as
“economic in nature”, “vague and arbitrary with respect to the selection of reference substances”, and
is “not similar to the natural environment” [44]. Likewise, Ahrendts’ reference environment has been
critiqued by the Exergoecology group for not being empirically correct and for failing to meet
Szargut’s Earth Similarity Criterion, which argues that a reference environment substance must be
abundant in the world [31]. Furthermore, both Ahrendts’ and the Exergoecology group’s reference
environments are based on the requirement of chemical equilibrium, despite the Exergoecology
group’s claim that the natural world is not in equilibrium and therefore an equilibrium world cannot be
used as a reference environment [31,34].

To help contrast the difference between the reference environment and the natural environment, two
descriptions of ‘environment’ are provided; one relates to the exergy reference environment while the
other describes an ecosystem, which forms part of our natural environment.

“The reference environment is in stable equilibrium, and has all parts at rest relative to
one another. No chemical reactions can occur between the reference environment
components. Further, the reference environment acts as an infinite system, is a sink and
source for heat and materials, and experiences only internally reversible processes in
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which its intensive state remains unaltered (i.e., its temperature, pressure and chemical
potentials for each of the components present remains constant) ” [45].

“[The natural, or ecosystem environment is] an open, hierarchical, self-designing system
of subsystems that in turn are an interconnected, interrelated, interacting network of
information generating direct and indirect effects [81].

These two descriptions of the environment are at odds with each other. The important
characteristics of the exergy reference environment (most notably: infinite, equilibrium, and reversible
reactions) are opposed to the non-equilibrium, hierarchical, self-designing nature of the natural
environment. Furthermore, the equilibrium/non-equilibrium divide makes any hybrid reference
environments involving both environment descriptions either artificial/arbitrary in selection, not
representative of a systems relevant environment, or demanding of a rethink of what really constitutes
a system’s reference environment.

When using exergy to characterize the value of a resource, or impact of a waste, a reference
environment must be chosen. However, based on the short discussion of the reference environment
provided above, it is possible to see how the requirements of the reference environment can severely
limit the applicability of exergy. For example, with respect to exergy being a measure of waste impact,
it is very difficult to understand how a waste product can harm a reference environmental that is
infinitely large, and ‘experiences only internally reversible processes in which its intensive properties
remain unaltered’ [45]. Likewise, for a resource to have value (have exergy), it must be out of
equilibrium with the environment. But what does it mean for a resource to be ‘out of equilibrium’ with
the natural environment, when the natural environment itself is non-equilibrium? Furthermore, how
can the exergy of the resource be calculated with respect to the natural environment? Finally, if the
natural environment is replaced by an ideal (equilibrium, infinite) reference environment, how does
this impact the interpretation of resource value? These are all questions that matter if exergy is to
provide any insight to environmental and sustainability issues.

5. Discussion—Synthesizing the Challenges to Exergy

The proceeding sections have ideally introduced some fundamental problems with the derivation
and use of exergy when applied to resource value or waste impact. Despite this, exergy has merit.
However, to take advantage of the abilities of exergy, one must return to its original purpose. Exergy
was originally developed and applied as an analysis tool, generally within the discipline of engineering
systems analysis. For example, exergy is often used to optimize power generation systems [4,10,46],
such as the Rankine cycle shown in Figure 3, where the Rankine cycle system is delineated by the
dashed line.

As a systems analysis (decision making) tool, exergy may help locate inefficiencies and
irreversibilities within the process or system at hand. For example, in the Rankine example of Figure 3,
much of the incoming exergy is destroyed within the boiler, and therefore the boiler would be an ideal
location to improve efficiency and reduce losses.

In applying exergy to characterize the value of a resource or the impact of a waste, exergy analysis
iIs now often no longer being used as a systems analysis tool. Instead, exergy is applied as a static
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thermodynamic property, and becomes a characteristic of a specific item. For example, in the Ranking
cycle of Figure 3, one resource measure of interest would be exergy of the incoming coal. The
conceptual change from system to item focus is shown in Figure 4.

Figure 3. Example systems analysis view of exergy: a Rankine cycle.
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Valero describes the shift from “systems-analysis diagnosis” (systems-based) to a quantification of
the “exergy resources on Earth” (item-specific) as involving “definitions of the environment, reference
or dead state [that] are extremely different” [33]. These authors propose an even stronger claim: the
shift from systems-analysis to item-specific perspectives of exergy requires a complete reformulation
of exergy. Such a reformulation of exergy would need to overcome the five limitations of exergy
discussed in the paper: (1) the compatibility limitations between exergy quality and resource quality;
(2) the inability of exergy to characterize non work-producing resources via the concentration exergy;
(3) the limitations due to the derivation of exergy; (4) problems regarding the exergy reference
environment; and (5) the multiple perspectives applied to exergy analysis. Addressing these five
limitations of exergy represent a direction for future research.

6. Conclusions

The application of exergy as a measure of resource value and waste impact has not been well
established. Furthermore, based upon the arguments presented in this paper, exergy is in general not a
valid measure of resource quality or waste impact. Until the limitations of applying exergy as a static
thermodynamic concept have been addressed, the authors argue that exergy should only be used within
the discipline of systems analysis and optimization, the original discipline for which exergy was
developed. Exergy is not a static thermodynamic property.
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This paper outlined five key challenges to exergy analysis that must be if exergy is to provide any
insight to environmental and sustainability assessments beyond its use in systems design and
optimization. The five challenges are: (1) the incompatibility between exergy quality and resource
quality; (2) the inability of exergy to characterize non work-producing resources via the concentration
exergy; (3) the constraints placed on the derivation of exergy; (4) problems with the exergy reference
environment; and (5) the multiple perspectives applied to exergy analysis. Until the limitations are
addressed, exergy should only be used for its original purpose as a decision making tool for
engineering systems analysis.
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