
Ecological Modelling 178 (2004) 215–225

Short communication

Promise and problems of emergy analysis

Jorge L. Hau, Bhavik R. Bakshi∗
Department of Chemical Engineering, Ohio State University, Columbus, OH 43210, USA

Abstract

Solar Emergy is the available solar energy used up directly and indirectly to make a service or product. Although this basic
concept is quite straightforward, its implications are potentially profound. H.T. Odum pioneered the development and use of
emergy, and presented it as a way of understanding the behavior of self-organized systems, valuing ecological goods and services,
and jointly analyzing ecological and economic systems. Unfortunately, like many groundbreaking ideas, emergy has encountered
a lot of resistance and criticism, particularly from economists, physicists, and engineers. Some critics have focused on detailed
practical aspects of the approach, while others have taken issue with specific parts of the theory and claims. This paper discusses the
main features and criticisms of emergy and provides insight into the relationship between emergy and concepts from engineering
thermodynamics, such as exergy and cumulative exergy consumption. This reveals the close link between emergy and ecological
cumulative exergy consumption, and indicates that most of the criticisms of emergy are either common to all holistic approaches
that account for ecosystems and other macrosystems within their systems boundaries, or a result of misunderstandings derived
from a lack of communication between various disciplines, or are not relevant for engineering applications. By identifying the
main points of criticisms of emergy, this paper attempts to clarify many of the common misconceptions about emergy, inform the
community of emergy practitioners about the aspects that need to be communicated better or improved, and suggest solutions.
Further research and interaction with other disciplines is essential to bring one of H.T. Odum’s finest contributions into the
mainstream to guide humanity on “the prosperous way down.”
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Emergy analysis is perhaps H.T. Odum’s master-
piece. It is “the most exciting, important, far-out, com-
prehensive, crazy, unsubstantiated, and/or necessary
. . . ” of all of the ideas of H.T. Odum (Hall, 1995a).
Emergy, specificallySolar Emergy, is “the available
solar energy used up directly and indirectly to make
a service or product” (Odum, 1996). Emergy analysis
considers all systems to be networks of energy flow
and determines the emergy value of the streams and
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systems involved. “Emergy, spelled with an ‘m,’ is
a universal measure of real wealth of the work of
nature and society made on a common basis” (Odum
et al., 2000). Emergy analysis presents an energetic ba-
sis for quantification or valuation of ecosystems goods
and services. Valuation methods in environmental and
ecological economics estimate the value of ecosystem
inputs in terms that have been defined narrowly and
anthropocentrically, while emergy tries to capture the
ecocentric value. It attempts to assign the “correct”
value to ecological and economic products and ser-
vices based on a theory of energy flow in systems ecol-
ogy and its relation to systems survival. A fundamental
principle of emergy analysis is theMaximum Empower

0304-3800/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecolmodel.2003.12.016



216 J.L. Hau, B.R. Bakshi / Ecological Modelling 178 (2004) 215–225

Principle. It states that “systems that will prevail in
competition with others, develop the most useful work
with inflowing emergy sources by reinforcing pro-
ductive processes and overcoming limitations through
system organization” (Brown and Herendeen, 1996).
Odum (1996)states that this principle determines
which systems, ecological and economic, will survive
over time and hence contribute to future systems.

Since the early 1980s, emergy and emergy analysis
have been used widely to analyze systems as diverse
as ecological, industrial, economic, and astronomi-
cal (Odum, 1995a,b, 1996; Brown and Ulgiati, 1997,
2002; Lagerberg and Brown, 1999). Unfortunately,
like many groundbreaking ideas, emergy has encoun-
tered a lot of resistance and criticism, particularly from
economists, physicists, and engineers. Consequently,
it has not been used much outside a small circle of re-
searchers. This limited use of emergy analysis despite
its broad relevance may be due to inadequate attention
to details, poor communication of its potential impor-
tance, and lack of clear links with related concepts in
other disciplines. The publication of Odum’s “how to”
book (Odum, 1996) and the more recent emergy folios
(Odum et al., 2000; Odum, 2000; Brown and Bardi,
2001; Brandt-Williams, 2001) are important steps in
making emergy more accessible. However, much more
work is needed to connect emergy with concepts in
other disciplines and to overcome a preconceived neg-
ative notion of emergy that is prevalent among many
researchers outside of systems ecology.

2. Emergy analysis

2.1. Historical background

Emergy analysis is a part of a much larger the-
ory developed by H.T. Odum about the functioning
of ecological and other systems. This theory explains
how systems survive and organize in hierarchies by
using energy at the efficiency that generates the most
power (Odum and Odum, 1981). As pointed out by
Hall (1995b), the hypothesis about the role of energy
in survival and evolution of systems “has roots in the
19th century and was first stated explicitly by the bi-
ologist AlfredLotka (1922), who called the maximum
power principle the fourth law of thermodynamics.”
Then, he adds that, “Odum has both used and ex-

panded the maximum power concept as a general sys-
tems hypothesis throughout his career.”

H.T. Odum started developing the roots of the con-
cept of Emergy probably in the 1950s when he and E.P.
Odum identified the importance of energetics to ecol-
ogy (Odum, 1953). The brothers subsequently realized
the importance of the quality of energy and the neces-
sity of using a “common denominator for energy flows
of different kinds” (Hall, 1995b). From this concept,
H.T. Odum extended the original concept as the Max-
imum Empower Principle, and developed an energy
systems language for the thermodynamics of open sys-
tems. Over the years, emergy became the dominant
concept of this work. By the late 1970s, during the en-
ergy crisis, and as humankind became more aware of
the negative impact of industrial activities on ecosys-
tems, H.T. Odum had already recognized the critical
role that ecosystems play in the global economy, and
that economic activities were shaped not only by eco-
nomic rules, but also by ecosystem constraints. He
also developed the concept that energy offered a com-
mon ground for integrating economic and ecosystems
sciences.

2.2. Basic principles

Emergy is measured in solar embodied joules, ab-
breviated sej. Emergy analysis characterizes all prod-
ucts and services in equivalents of solar energy, that is,
how much energy would be needed to do a particular
task if solar radiation were the only input. It consid-
ers the Earth to be a closed system with solar energy,
deep Earth heat and tidal energy as major constant
energy inputs, and that all living systems sustain one
another by participating in a network of energy flow
by converting lower quality energy into both higher
quality energy and degraded heat energy. Since solar
energy is the main energy input to the Earth, all other
energies are scaled to solar equivalents to give com-
mon units. Other kinds of energy existing on the Earth
can be derived from these three main sources, through
energy transformations. Even the economy can be in-
corporated to this energy flow network as, “wealth
directly and indirectly comes from environmental re-
sources measured by emergy” (Odum, 1996). Exam-
ples are elevated and purified water, timber and oil.
Therefore, the circulation of money is related to the
flow of emergy.
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An important concept in emergy analysis isSolar
Transformity, defined as “the Solar Emergy required
to make 1 J of a service or product” (Odum, 1996).
Solar Transformity is measured in sej/J. The Solar
Transformity of a product is its Solar Emergy divided
by its available energy, that is,

M = τ × B (1)

whereM is emergy,� is transformity, andB is available
energy. Since solar energy is the baseline of all emergy
calculations, transformity of solar energy is unity.

Odum argues that the “energy flows of the universe
are organized in an energy transformation hierarchy”
and that “the position in the energy hierarchy is mea-
sured with transformities” (Odum, 1996). Therefore,
transformity is regarded as a measure of energy qual-
ity. From a practical point of view, transformity is use-
ful as a convenient way of determining the emergy
of commonly used resources and commodities. Most
case studies in the literature rely on the transformities
calculated by Odum and co-workers to calculate the
emergy of their inputs.

Most transformities are calculated from the yearly
emergy flow to the Earth (Odum, 2000). The total
emergy input to the Earth is the sum of the emergy
of solar insolation, deep Earth heat and tidal energy.
However, even these inputs are not added directly due
to their different abilities to do work. The emergy of
deep Earth heat and tidal energy are calculated by
comparing their energy quality to that of solar inso-
lation. The detailed calculations are based on energy
balance equations for the Earth, and are described by
Odum (2000). These global emergy inputs are the driv-
ing force for all planetary activities. Determining their
contribution to ecological goods and services is essen-
tial for further analysis.

Odum and coworkers have determined the emergy
of the Earth’s main processes, such as, the total sur-
face wind, rain water in streams, Earth sedimentary
cycle, and waves absorbed on shore, to be that of the
total emergy input to the Earth (Odum, 1996). Each
of these processes is assigned the total value because
they are considered co-products of the global geolog-
ical cycle and cannot be produced independently with
less amount of the total emergy. Furthermore, detailed
knowledge about the underlying network and all the
outputs from these Earth processes is usually not avail-
able.

In the case of the Earth sedimentary cycle,Odum
(1996)calculates the emergy per gram of sediment by
estimating that a layer of nearly an inch of thickness
of soil is removed from the continental land by erosion
and replaced by Earth uplift in a period of a thousand
years. The flux of sediments is calculated by taking the
product of the annual replaced layer and the average
density of rocks. The emergy per gram of sediment
is the global emergy budget divided by the flux of
sediments. In this case, emergy is allocated according
to the mass of sediments.

Conceptually, determining the emergy of non-
renewable resources, such as coal and petroleum, re-
quires accounting for solar inputs over geological time
scales. Odum suggests using the replacement time of
such material to estimate their historic emergy. How-
ever, the transformity of non-renewable fuels used in
most applications focuses only on the current emergy
from the sedimentary cycle. For example, the transfor-
mity of coal is the emergy per gram of sediment from
the Earth sedimentary cycle divided by the Gibbs free
energy of a gram of coal (Odum, 1996). The transfor-
mity of other fuels are approximated based on their
relative efficiency obtained in combustion chambers.

The emergy of economic inputs measured in terms
of money is determined by multiplying the input in
monetary units by the ratio of the nation’s total emergy
to its economic gross national product, i.e.

M = F

(
Mnation

Fnation

)
(2)

where F represents a particular economic input,
Mnation is the total nation’s emergy, andFnation is the
gross national economic product.

Details about emergy algebra are described by
Odum (1996). Matrix algebra techniques to partition
emergy and calculate transformities have also been
proposed (Patterson, 1993, 1998; Tennenbaum, 1988;
Odum and Collins, 2003; Hau and Bakshi, 2003).

3. Characteristics and criticisms of emergy
analysis

3.1. Attractive features

Emergy analysis overcomes the inability of many
existing approaches to adequately consider the con-
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tribution of ecological processes to human progress
and wealth. A large range of ecological products
and services do not receive any value from con-
ventional economic approaches despite the fact that
they are used and spent for the making of economi-
cally valuable products, or indeed may be essential
for life. The importance of accounting for nature’s
services is gaining wide acceptance (Daily, 1997;
Holliday et al., 2002; Arrow et al., 1995), although
the methods remain controversial. Through the last
two decades, economists have developed techniques
to assign monetary values to ecological products and
services. However, this assignment typically relies on
consensus of boards of experts, often with tenuous
physical and biological foundations, and generally
scaled to some market-derived values that may be,
for example, highly skewed by advertising. In con-
trast, emergy analysis is meant to be independent of
human valuation, but based on the principles of ther-
modynamics, system theory, systems ecology and,
ultimately contribution to survival. Among the most
attractive characteristics of emergy analysis are:

• It provides a bridge that connects economic and
ecological systems. Since emergy can be quanti-
fied for any system, their economic and ecological
aspects can be compared on an objective basis that
is independent of their monetary perception.

• It compensates for the inability of money to value
non-market inputs in an objective manner. There-
fore, emergy analysis provides an ecocentric valu-
ation method.

• It is scientifically sound and shares the rigor of
thermodynamic methods.

• Its common unit allows all resources to be compared
on a fair basis. Emergy analysis recognizes the dif-
ferent qualities of energy or abilities to do work.
For example, emergy reflects the fact that electricity
is energy of higher quality than solar insolation.

• Emergy analysis provides a more holistic alterna-
tive to many existing methods for environmentally
conscious decision making. Most existing methods,
such as life cycle assessment and exergy analysis, do
expand the system boundary beyond the scope of a
single process so that indirect effects of raw material
consumption, energy use and pollutant emissions
can be taken into account. However, these methods
focus more on emissions and their impact, while

ignoring the crucial contribution of ecosystems to
human well being. The concept of critical natural
capital and a framework to account for have been
suggested recently (Ekins et al., 2003). Emergy
analysis can quantify the contribution of natural cap-
ital for sustaining economic activity (Bakshi, 2002).

These features of emergy analysis are particularly
impressive since emergy was developed many decades
before the more recent engineering and corporate in-
terest in life cycle assessment, industrial ecology, and
sustainability. Partly due to being a theoretical concept
whose application posed significant demands on data
requirements, lack of adequate details about the un-
derlying methodology, and sweeping generalizations
that still remain unproven, emergy has encountered a
lot of criticism, and has not been used much outside a
small circle of researchers. However, there is no doubt
that as an idea, it was truly revolutionary and is ex-
pected to have a huge impact.

3.2. Criticisms

Emergy theory has been characterized as simplis-
tic, contradictory, misleading, and inaccurate (Ayres,
1998; Cleveland et al., 2000; Mansson and McGlade,
1993; Spreng, 1988). Rebuttals to many critiques have
also been published (Patten, 1993; Odum, 1995a,b).
However, much of the persistent skepticism seems
to stem from the difficulty in obtaining details about
the underlying computations, and a lack of for-
mal links with related concepts in other disciplines.
Odum’s book (Odum, 1996), emergy folios (Odum
et al., 2000; Odum, 2000; Brown and Bardi, 2001;
Brandt-Williams, 2001), and plans for an emergy
handbook are important and essential steps to provide
greater insight and understanding about emergy.

The major criticisms of emergy analysis are dis-
cussed below. It is important to note that many crit-
icisms are also valid for other methods that are pop-
ular for joint analysis of industrial and environmen-
tal systems, including, Life Cycle Assessment, Cumu-
lative Exergy analysis, Exergetic Life Cycle Assess-
ment, and Material Flow analysis.

3.2.1. Emergy and economics
Odum (1988)argues that “money cannot be used

directly to measure environmental contributions to the
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public good, since money is paid only to people for
their services, not to the environmental service gener-
ating resources or assimilating wastes. Price is often
inversely related to the contribution of a resource, be-
cause it contributes most to the economy when it is
easily available, requiring few services for delivery.”
Brown et al. (1995)also argue that price does not de-
termine value, giving the example that “a gallon of
gasoline will power a car the same distance no matter
what its price; thus, its value to the driver is the num-
ber of miles (work) that can be driven.” Since emergy
does consider all contributions to the public good and
truly measures value, it is suggested as a complete
measure of wealth and a substitute for money (Odum,
1984). Moreover,Odum (1996)considers transformity
of a product as an indicator of its economic usefulness
as “transformity increases in ecological and economic
energy transformation chains.”

These claims are among the most controversial as-
pects of emergy analysis and have been most widely
criticized (Ayres, 1998; Cleveland et al., 2000; Spreng,
1988). The emergy theory of value, as other theories
of value based on energy and exergy (Cleveland et al.,
2000; Spreng, 1988), focuses on the supply side and
ignores human preference and demand. Modern eco-
nomics, which is focused on humans and their values
and not the biophysical world, has doubted the abil-
ity of all such theories to capture the value of prod-
ucts to humans. Some common arguments are that the
emergy of a gallon of oil from whales has not changed,
while its value to humans has. In addition, two paint-
ings with similar emergies can have drastically differ-
ent values, especially if one of them is by a renowned
painter. Consequently, all of the thermodynamic the-
ories of value have been rejected by economists over
the last several decades. What most critiques about
emergy-based valuation seem to miss is that emergy
aims to provide anecocentricvalue of ecological and
industrial products and processes. This is in direct
contrast to the economic view, which is anthropocen-
tric. Clearly, the latter view is dominant today, but the
emergy view can still provide invaluable information
that can be used for sustainable development. Even-
tually, economic valuation will have to adopt a more
ecocentric view if it intends to guide humanity to its
survival.

In engineering analysis of industrial systems,
thermodynamics-based methods, such as pinch anal-

ysis and exergy analysis (Seider et al., 1999; Bejan
et al., 1996), are commonly used along with cost cri-
teria. Although the final decision is based mainly on
economic criteria, thermodynamic methods are cru-
cial for constraining the search space and for directing
the decisions. In the same way, emergy analysis of
industrial systems may be able to coexist with eco-
nomic analysis, with emergy providing the supply
side information, and economics capturing human
demand and values. Such approaches are very likely
to direct decisions towards more sustainable indus-
trial practices, making sustainable development more
achievable and saving resources for the future.

3.2.2. Maximum Empower Principle
This optimizing principle is one of the most dar-

ing aspects of emergy analysis. Having its roots in
work done byBoltzmann (1886)and Lotka (1922),
the Maximum Empower Principle claims that all
self-organizing systems tend to maximize their rate
of emergy use or empower (Odum, 1988, 1996). That
is, “ecosystems, Earth systems, astronomical systems,
and possibly all systems are organized in hierar-
chies because this design maximizes useful energy
processing.” Thus, this principle can determine which
species or ecosystems or any system will survive.

While some self-organizing systems have been
shown to follow this principle (Odum, 1995b), claim-
ing its general applicability to all systems implies
that the Maximum Empower Principle can explain
the order of the universe, and is akin to the unified
theory that physicists have been piecing together.
Not surprisingly, such broad, as yet unsubstantiated
claims have made this principle extremely contro-
versial (Ayres, 1998). Mansson and McGlade (1993)
argue that the behavior of complex systems can-
not be described with a one-dimensional optimizing
principle categorizing this principle as misleadingly
simplistic. They also claim to have invalidated this
principle. However, the validity of their proof has
been questioned (Odum, 1995a; Patten, 1993).

The Maximum Empower Principle seems to be
one of Odum’s contributions that may be ahead of
its time. Consequently, it will continue to be a cause
of arguments and further scientific exploration, until
it is scientifically proven or unproven. Recent results
on maximum entropy production in self-organized
systems indicate that some systems do tend to maxi-
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mize power (Lorenz, 2003; Dewar, 2003). In addition,
Giannantoni (2003)proposes a mathematical formula-
tion of the Maximum Empower Principle, which may
be essential for addressing questions about the validity
of this principle, and for providing a general proof.

For engineering applications, agreement or dis-
agreement with the Maximum Empower Principle is
not essential for using emergy analysis for gaining
insight into the contribution of ecosystems. As dis-
cussed in the next paragraph, much of the jargon and
numbers of emergy analysis are closely related to en-
gineering thermodynamics. In fact, emergy analysis is
equivalent to exergy analysis if the analysis boundary
includes ecosystems (Hau and Bakshi, 2003). Thus,
emergy analysis can still provide valuable information
about the contribution of ecosystems to engineering
design and assessment of industrial systems.

3.2.3. Relation with other thermodynamic quantities
There seems to be much confusion about the rela-

tionship between emergy and other thermodynamic
properties, such as energy, exergy, enthalpy, etc. The
qualitative difference, as pointed out by Odum and
coworkers, is that unlike emergy, these thermody-
namic quantities do not recognize the difference in
quality of various energy sources. A common exam-
ple is that “a joule of sunlight is not equivalent to a
joule of fossil fuel. . . ” in the sense that they cannot
do the same kind of work (Brown et al., 1995). How-
ever, formal quantitative links are missing. This leads
to impressions that emergy analysis is a “very dif-
ferent approach” from exergy analysis (Emblemsvag
and Bras, 2001). Similarly, Ayres (1998)questions
the need for emergy as opposed to “standard variables
of thermodynamics, namely, enthalpy and exergy.”

There is also some confusion about the exact def-
inition of available energy, denotedB in Eq. (1). It
is certainly not Gibbs free energy because not all of
it is available for work.Odum (1995a,b)argues that
neither is it exergy because “exergy is defined to in-
clude only energy flows of similar qualities, that of
mechanical work,” while available energy as defined
in emergy analysis also considers “important inflows,
such as human services that require very large en-
ergy flows to maintain.” On the other hand,Odum
(2000) and Campbell (2001)define available energy
in emergy analysis as exergy or energy with the po-
tential to do work. Scrutiny of transformity calcula-

tions indicates that available energy as used in emergy
and exergy may indeed be equivalent. For example,
for heat engines the available energy of the system
is the same as exergy since it is obtained by multi-
plying its heat content or flow by the Carnot factor
(Odum, 1996). The relationship of the transformities
of fuels to their combustion efficiencies may be easily
justified if available energy and exergy are equivalent.
Odum uses the heat of combustion to determine avail-
able energy, which is shown to be close to exergy for
fuels (Szargut et al., 1988). Moreover, the use of ex-
ergy justifies why dissipated heat carries no emergy
value. This lack of formal links between emergy and
other thermodynamics quantities is a significant cause
of skepticism about emergy among engineers. Some
efforts have been made to connect emergy with ex-
ergy (Ulgiati, 1999). Recently,Hau and Bakshi (2003)
have derived the concept of emergy based on exergy
as the starting point.

3.2.4. Combining disparate time scales
Conceptually, the calculation of emergy of some

stored natural resources, such as metals, coal, and fos-
sil fuels, would require knowing all the solar energy
that was required to make it. Accounting for solar in-
puts over geological time scales is problematic since
it is difficult, if not impossible to know the inputs
and processes over such a long period (Ayres, 1998;
Cleveland et al., 2000). Some common questions con-
cern how to account for the emergy of metals that
existed from the formation of the Earth and whether
the emergy of fossil fuels includes the emergy of the
living systems from where they are derived.

Odum does distinguish between the emergy of stor-
age and the emergy necessary for making the stor-
age available for human use. The emergy of stored
resources, such as fresh water, glaciers on land, atmo-
sphere, and continents, is calculated by multiplying
the global emergy budget by their respective replace-
ment or turnover time (Odum, 1996). The emergy for
concentrating natural resources in the Earth’s crust so
that they are available for human and other use is de-
termined based on the Earth sedimentary cycle. In fact,
the transformities of many resources, such as coal and
oil, that are used in applications of emergy analysis
consider only theircurrent emergy required to con-
centrate these resources in the ore, and not that stored
since prehistory. Ultimately this is a matter of selecting
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the appropriate temporal boundary for a given prob-
lem. Decisions about temporal and spatial boundaries
are necessary for most holistic approaches, including
life cycle assessment (LCA) (European Environment
Agency, 1997). Therefore, this kind of criticism ap-
plies not only to emergy analysis but also to the other
approaches. Greater interaction between emergy anal-
ysis and LCA may be useful for clarifying this issue.

3.2.5. Representing global energy flows in solar
equivalents

Emergy analysis represents all energy flows in so-
lar equivalents. This requires conversion of planetary
energy inputs, such as tidal energy and crustal heat,
into solar equivalents.Ayres (1998)questions such
conversion since “there is no simple way to discover
how much of any one form of energy might have been
needed to produce another in the distant past.” Calcu-
lation of the emergy of deep Earth heat and tidal energy
inherently carries some assumptions regarding the ef-
ficiency with which they are carried to their point of
application. Although not explicitly stated, this is de-
rived from the Maximum Empower Principle. For ex-
ample, the emergy of deep Earth heat is calculated by
assuming that its transformity is equal to the transfor-
mity of the heat outflow contributed by the Earth sed-
imentary cycle that passes through the surface of the
Earth. This assumption may be justified since the Max-
imum Empower Principle and evolutionary pressures
may have caused both processes to operate in a similar
manner to result in heat flows of identical quality.

Another way of looking at the transformity of
global energy flows in solar equivalents is as alge-
braic coefficients based on a global energy balance
of current flows. This view does not imply that solar
energy is being converted into tidal energy or deep
Earth heat. The primary benefit of this approach is
that it allows a fair comparison of the concentration
of different kinds of energy.

Such conversion factors are commonly used in
many techniques. Transformity of fuels has been cal-
culated by comparing their qualities based on their
efficiencies in combustion chambers. LCA uses con-
version factors to add the environmental impact of
various substances, e.g. greenhouse gases are typi-
cally expressed in equivalents of carbon dioxide to
quantify the impact by Global Warming. Calculation
of chemical exergies requires defining reference reac-

tions to convert substances absent in the surroundings
into components of the reference state or state of the
surroundings.

3.2.6. Problems of quantification
Emergy analysis has not considered the uncertainty

in many of the numbers used to calculate the trans-
formities. Averaged transformity of industrial and ge-
ological processes are frequently used in specific case
studies with no knowledge of the degree of certainty
of the resulting output. For example, the transformity
of natural gas is calculated based on its average ef-
ficiency relative to coal in boilers (Odum, 1996), but
this efficiency depends strongly on the type of coal and
natural gas as well as the characteristics of the boiler.
Similarly, calculating the emergy of economic inputs
via the emergy to money ratio may also be inaccu-
rate and may involve double counting (Ayres, 1998;
Cleveland et al., 2000). This approach also seems to
counter emergy analysis’ argument that money is an
incomplete measure of wealth.

H.T. Odum does recognize that there is no single
transformity for any class of products or processes and
that when viewed in greater detail, each production
pathway for a given product (rain, wind, waves, oil,
etc.) represents a unique transformation process that
will result in a different transformity. Nevertheless, it
has been assumed that generalized transformities do
not differ significantly from any specific case.

This criticism is also shared by most other ap-
proaches. Exergy analysis uses an average reference
state for the Earth’s crust without addressing the re-
sulting uncertainty. Similarly, LCA tends to ignore
the effect of emissions in local environments and
errors in inventory data. Efforts are being made in
each approach to address these criticisms and more
interaction and exchange of ideas between these
fields can be helpful. For example, the use of the
emergy-to-money ratio to account for economic in-
puts may be addressed via systematic methods to
consider a larger boundary consisting of the main
processes selected for emergy analysis (Ukidwe and
Bakshi, 2003). Such techniques have been studied
in other fields, including LCA (Lave et al., 1995),
and may be adopted by emergy analysts. More re-
search to verify the numbers used in emergy analysis
and, their uncertainty and assumptions should also
help. Techniques, such as sensitivity and uncertainty
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analysis, must also become an integral part of emergy
analysis.

3.2.7. Problems of allocation
The method used for partitioning or allocating in-

puts between multiple outputs makes the emergy al-
gebra quite challenging. Allocation is probably the
most confusing aspect of emergy analysis, particularly
to engineers who are used to conservation equations,
even for systems with recycle. Emergy algebra can be
very sensitive to the level of knowledge of the system
under study. The decision of whether multiple outputs
are co-products or splits may not always be obvious
either. For example, the outputs of a crude oil distilla-
tion column may raise arguments about whether they
should be treated as co-products or splits. Similarly,
the results of considering different types of rocks as
co-products (Odum et al., 2000) in the Earth sedimen-
tary cycle are quite different from considering them to
be splits (Odum, 1996).

Allocation is an important practical issue encoun-
tered by many techniques, including Cost Accounting,
Cumulative Exergy Consumption, and Life Cycle As-
sessment. Current consensus in the LCA community
is to avoid allocation as far as possible (ISO 14040,
1997). When avoiding allocation is not possible, the
sensitivity of the results to the allocation procedure
should be evaluated.Hau and Bakshi (2003)have pro-
posed a formal algorithm based on network algebra
that can be used for emergy analysis. Their approach
prefers allocation that conserves emergy if information
about the network and all its products is available. This
is usually the case for industrial systems. However, if
such information is not available, as it is usually the
case for ecological systems, allocation is avoided by
assigning the same emergy to all the outputs. In the
latter case, double counting must be avoided.

4. Emergy and exergy

Improved understanding of the relationship be-
tween emergy and exergy is essential for constructive
cross-fertilization between these areas. Such insight
is essential for greater use of the data and concepts
of emergy analysis in evaluating the life cycle of en-
gineering products and processes. Engineering ther-
modynamic methods include exergy analysis (Szargut

et al., 1988), thermoeconomics (Bejan et al., 1996),
Cumulative Exergy Consumption (CEC) (Szargut
et al., 1988), and Extended Exergy Analysis (Sciubba,
2001). An extension of these methods has been pro-
posed by the authors to connect exergy with emergy.
(Hau and Bakshi, 2003). The resulting concept of
Ecological Cumulative Exergy Consumption (ECEC)
starts with the basic premise discussed inSection 3
that available energy as used in emergy analysis and
exergy are equivalent. ECEC expands CEC analysis
to include ecological systems, and shows that the
resulting ECEC can be equivalent to emergy if three
conditions are satisfied.

• First, the analysis boundary for both methods should
be identical. This means that the same processes or
network should be analyzed.

• Second, the allocation method should be the same
at each node for both methods.

• Finally, the same approach should be used for com-
bining the global energy inputs that is, the global
energy inputs may be combined via their transfor-
mities or some other approach.

These conditions are usually easy to satisfy, and
indicate the exact relationship between exergy and
emergy.

Further comparison of ECEC and emergy indicates
that if the conditions for their equivalence are satisfied,
then, transformities and cumulative degree of perfec-
tion have a reciprocal relationship. This indicates that
transformities of ecological goods and services can
be used to readily include their contribution in exergy
analysis. The allocation approach used in ECEC par-
titions emergy in proportion to the exergy of the prod-
ucts, when knowledge about the network and prod-
ucts is available. This includes all industrial systems.
However, for ecological systems, the input emergy is
not partitioned since knowledge about the ecological
network and its outputs is usually not available. This
insight about the strong link between engineering ther-
modynamic concepts and emergy indicates that many
criticisms of emergy, such as its connection with eco-
nomic value or the Maximum Empower Principle, are
not relevant to using emergy to capture the thermody-
namic aspects of ecological goods and services. More
importantly, it clearly shows the relation of emergy to
other thermodynamic properties addressing one of the
criticisms discussed inSection 3.2.
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5. Summary and challenges for the future

Emergy is potentially one of the most groundbreak-
ing contributions of H.T. Odum. It provides an eco-
centric view of ecological and human activities, which
can be used for evaluating and improving industrial
activities. Such techniques are crucial for appreciating
the contribution of ecosystems to all human activities
and meeting the challenges of sustainable develop-
ment. The Maximum Empower Principle attempts to
explain the behavior of self-organized systems based
on thermodynamics. These concepts were put forth
many decades before the current interest in life cycle
analysis, industrial ecology and sustainability, and be-
fore adequate data and techniques were available.

Like many new ideas, Odum’s work on emergy
has been controversial and is often criticized. Much
of the criticism is directed towards the details of
emergy analysis, or towards the link between emergy
and money and the Maximum Empower Principle.
Any new idea as profound as emergy requires much
work to iron out the details before it can be widely
accepted and used. Odum’s book (Odum, 1996) and
recent folios (Odum et al., 2000) are important steps
in this direction. However, more needs to be done to
link emergy with other thermodynamic concepts and
with other related techniques. Criticisms pertaining to
uncertainty, sensitivity, and quantification apply not
just to emergy analysis but to all methods that focus
on a holistic view of industrial activity. These include
life cycle assessment, material flow analysis, and ex-
ergy analysis. Research in all these areas can greatly
benefit from one another. For example, more interac-
tions between emergy analysis and LCA may permit
LCA to account for the contribution of ecosystems,
and may permit emergy analysis to avoid allocation.
An input–output framework has been used in many
disciplines, including economics and LCA, and may
provide a formal way of representing information
about the ecological and industrial network.

Establishing the links between emergy analysis
and other thermodynamic concepts (Hau and Bakshi,
2003; Sciubba, 2001; Ulgiati, 1999) is essential for
widening the use of emergy analysis and for remov-
ing the resistance to emergy among many engineers,
physicists, and economists. These efforts will not
diminish the unique contribution of emergy, but will
allow it to become more of a mainstream concept

and have even greater impact. The complementary
nature of emergy with other disciplines also needs to
be explored. For example, human valuation of eco-
logical goods and services requires information about
the role of ecosystems, which may be provided via
emergy analysis.

Controversy surrounding the Maximum Empower
Principle reflects our limited understanding of the
behavior of complex systems. Detailed studies of
the Maximum Empower Principle and its connec-
tion with other concepts governing the behavior of
self-organized systems is necessary. The recent book
by Giannantoni (2003) may be an important step in
this direction. However, as discussed in this article,
the Maximum Empower Principle need not hinder the
application of emergy analysis. Ultimately, the biggest
challenge facing emergy analysis may be that of over-
coming the preconceived misunderstandings about
emergy to accept it as a legitimate and useful thermo-
dynamic approach. These and many other challenges
emanating from Odum’s deep insight into the work-
ings of complex systems, his creativity and limitless
energy should keep researchers busy for many years
to come, and will continue to play an important role in
the evolution of human activity towards sustainability.
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