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Glossary

emdollar (or EMS) A measure of the money that circulates
in an economy as the result of some process. In practice,
to obtain the emdollar value of an emergy flow or stor-
age, the emergy is multiplied by the ratio of toral emergy
to gross domestic product for the national economy.

emergy An expression of all the energy used in the work
processes that generate a product or service in units of
one type of energy. Solar emergy of a product is the
emergy of the product expressed in the equivalent solar
energy required to generate it. Sometimes it is referred
to as energy Memory.

emjoule The unit of measure of emergy, “emergy joule.” It
is expressed in the units of energy previously used to
generate the product; for instance, the solar emergy of
wood is expressed as joules of solar energy that were
required to produce the wood.

empower Emergy per unit time (sej/time)

energy Sometimes referred to as the ability to do work.
Energy is a property of all things that can be turned into
heat and is measured in heat units (BTUs, calories, or
joules)

nonrenewable emergy The emergy of energy and material
storages like fossil fuels, mineral ores, and soils thar are
consumed at rates that far exceed the rates at which
they are produced by geologic processes.
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production Production measured in emergy is the sum of
all emergy inputs to a process.

renewable emergy The emergy of energy flows of the
biosphere that are more or less constant and reoccurring,
and that ultimately drive the biological and chemical pro-
cesses of the earth and contribute to geologic processes.

transformity The ratio obtained by dividing the total
emergy that was used in a process by the energy yielded
by the process. Transformities have the dimensions of
emergy/energy (sej/]). A transformity for a product is
calculated by summing all of the emergy inflows to the
process and dividing by the energy of the product.
Transformities are used to convert energies of different
forms to emergy of the same form.

This article presents a brief review of the concepts of
energy hierarchy and definitions of emergy and
related quantities. Tables of data are given on global
emergy flows from which emergy and transformities
of most products and processes of the biosphere are
calculated. Then tables of transformities for many
products are provided. Finally, several case studies of
evaluations of energy technologies are given. In a
summary discussion emergy analysis (EMA) and
embodied energy analysis (EEA) are compared
describing the strengths and weaknesses of each
approach related to the evaluation of energy systems.

1. INTRODUCTION

1.1 Energy and the Emergy Hierarchy

Emergy is a universal measure of the work of nature
and society made on a common basis. The work of
nature and society results in energy transformations
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that when viewed in totality are interconnected in
webs of energy flow. All energy transformations of
the geobiosphere can be arranged in an ordered series
to form an energy hierarchy. For example, many
joules of sunlight are required to make a joule of
organic matter, many joules of organic matter to
make a joule of fuel, several joules of fuel are
required to make a joule of electric power, and so on.
Since different kinds of energy are not equal in their
contribution to processes, work is made comparable
by expressing each form of energy in units of one
form. To accomplish this, the available energy of
different forms of energy is evaluated by means of the
energy of one type previously required to produce it.
This quantity of one type of energy previously used is
called emergy (spelled with an “m”).

1.2 Definitions

The following paragraphs contain definitions and a
brief explanation of emergy concepts. A more com-
plete introduction can be found in H. T. Odum’s
1996 text, Environmental Accounting: Emergy and
Environmental Decision Making.

Emergy is the availability of energy (exergy) of
one kind that is used up in transformations directly
and indirectly to make a product or service. The unit
of emergy is the emjoule, a unit referring to the
available energy of one kind consumed in transfor-
mations. For example, sunlight, fuel, electricity, and
human service can be put on a common basis by
expressing them all in the emjoules of solar energy
that is required to produce each. In this case, the
value is a unit of solar emergy expressed in solar
emjoules (abbreviated sej). Although other units have
been used, such as coal emjoules or electrical
emjoules, in most cases, all emergy data are given
in solar emjoules.

Unit emergy values are calculated based on the
emergy required to produce them. There are three
main types of unit emergy values as follows:

o Transformity is one example of a unit emergy
value and is defined as the emergy per unit of
available energy (exergy). For example, if 4000 solar
emjoules are required to generate a joule of wood,
then the solar transformity of that wood is 4000
solar emjoules per joule (abbreviated sej/J). Solar
energy is the largest but most dispersed energy input
to the earth. The solar transformity of the sunlight
absorbed by the earth is 1.0 by definition.

e Specific emergy is the unit emergy value of
matter defined as the emergy per mass, usually

expressed as solar emergy per gram (sej/g). Solids
may be evaluated best with data on emergy per unit
mass for its concentration. Because energy is required
to concentrate materials, the unit emergy value of
any substance increases with concentration. Elements
and compounds not abundant in nature therefore
have higher emergy/mass ratios when found in
concentrated form since more work was required to
concentrate them, both spatially and chemically.

e Emergy per unit money is a unit emergy value
used to convert money payments into emergy units.
Since money is paid to people for their services and
not to the environment, the contribution to a process
represented by monetary payments is the emergy that
people purchase with the money. The amount of
resources that money buys depends on the amount
of emergy supporting the economy and the amount
of money circulating. An average emergy/money
ratio in solar emjoules/$ can be calculated by
dividing the total emergy use of a state or nation
by its gross economic product. It varies by country
and has been shown to decrease each year. This
emergy/money ratio is useful for evaluating service
inputs given in money units where an average wage
rate is appropriate.

Emergy accompanying a flow of something (energy,
matter, information, etc.) is easily calculated if the
unit emergy value is known. The flow expressed in its
usual units is multiplied by the emergy per unit of
that flow. For example, the flow of fuels in joules per
time can be multiplied by the transformity of that
fuel (emergy per unit energy in solar emjoules/joule),
or the mass of a material input can be multiplied by
its specific emergy (emergy per unit mass in solar
emjoules/gram). The emergy of a storage is readily
calculated by multiplying the storage quantity in its
usual units by the emergy per unit.

Unit emergy values are a kind of efficiency
measure, since they relate all the inputs to an output.
The lower the transformity or specific emergy, the
more efficient the conversion. It follows from the
second law that there are some minimum unit
emergy values for processes, which are consistent
with maximum power operations. While there is no
way to calculate them directly, the lowest transfor-
mity found in long-operating systems is used as
an approximation. When estimating a theoretical
potential of some system, it is appropriate to use the
best (lowest) transformity known.

Empower is a flow of emergy (i.e., emergy per
time). Emergy flows are usually expressed in units of
solar empower (solar emjoules per time).



1.3 Emergy Evaluation Procedure

Emergy accounting uses the thermodynamic basis of
all forms of energy, materials, and human services
but converts them into equivalents of one form of
energy. Emergy accounting is organized as a top-
down approach where first a system diagram of the
process is drawn to organize the evaluation and
account for all inputs and outflows. Tables of the
actual flows of materials, labor, and energy are
constructed from the diagram and all flows are
evaluated. The final step of an emergy evaluation
involves interpreting the quantitative results. In some
cases, the evaluation is done to determine fitness of a
development proposal. In others, it may be a
question of comparing different alternatives. The
evaluation may be seeking the best use of resources
to maximize economic vitality. So the final step in the
evaluation is to calculate several emergy indices that
relate emergy flows of the system being evaluated
with those of the environment and larger economy
within which it is embedded and that allow the
prediction of economic viability, carrying capacity, or
fitness.

This evaluation process has been termed emergy
synthesis. Synthesis is the act of combining elements
into coherent wholes. Rather than dissect and break
apart systems and build understanding from the
pieces upward, emergy synthesis strives for under-
standing by grasping the wholeness of systems.
Emergy is a systems concept, context driven, and
cannot be fully understood or utilized outside of
systems. By evaluating complex systems using
emergy methods, the major inputs from the human
economy and those coming “free” from the environ-
ment can be integrated to analyze questions of public
policy and environmental management holistically.

1.3.1 Left-Right Energy Systems Diagram
Systems diagrams are used to show the inputs that
are evaluated and summed to obtain the emergy of a
resulting flow or storage. The purpose of the system
diagram is to conduct a critical inventory of
processes, storages, and flows that are important to
the system under consideration and are therefore
necessary to evaluate. Components and flows within
diagrams are arranged from left to right reflecting
more available energy flow on the left, decreasing to
the right with each successive energy transformation.
For example, abundant solar energy is utilized in
successive transformations in ecological, agricultur-
al, and technoeconomic subsystems to support a
small amount of high-quality energy of humans, their
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government, and information. A simple diagram of
the global system including humans is shown in
Fig. 1. The left-to-right organization also corre-
sponds to increasing scale of territory and turnover
time. As illustrated in Fig. 1, every energy transfor-
mation box has more than one input, including
larger energy flows from the left, lesser amounts from
units in parallel, and small but important controlling
energies feeding back from the right.

1.3.2 Preparation of an Emergy Evaluation Table
Tables of the actual flows of materials, labor, and
energy are constructed from the diagram. Raw data
on flows and storage reserves are converted Into
emergy units and then summed for a toral emergy
flow to the system. Inputs that come from the same
source are not added, to avoid double counting. Only
the larger input is accounted for. If the table is for the
evaluation of a process, it represents flows per unit
time (usually per vear). If the table is for the
evaluation of reserve storages, it includes those
storages with a turnover time longer than a year.

Separate tables are constructed for evaluations of
flows and storage. Tables are usually constructed in
the same format, as given by the column headings
and format shown in Table 1.

o Column 1 is the line item number, which is also
the number of the footnote found below the table
where raw data sources are cited and calculations
are shown.

o Column 2 is the name of the item, which is also
shown on the aggregated diagram.

o Column 3 is the raw data in joules, grams, dollars
or other units. The units for each raw data item
are shown in column 4.

o Column 3 is the emergy per unit used for
calculations, expressed in solar emergy joules per
unit. Sometimes, inputs are expressed in grams,
hours, or dollars, therefore an appropriate
conversion ratio is used (sej/hr; sej/g; sej/$).

o Column 6 is the solar emergy of a given flow,
calculated as raw input times the transformity
(column 3 times column 3).

o Column 7 is the emdollar value of a given item for
a given year. This is obtained by dividing the
emergy in Column 6 by the emergy-to-money
ratio (EMR) for the country and selected year of
the evaluation (units are sej/$). The EMR is
calculated independently. The resulting values in
this column express the amount of economic
activity that can be supported by a given emergy
flow or storage.
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FIGURE 1 Successive energy transformations supporting human civilization. Large energy flows from the right support
smaller and smaller amounts of high-quality energy. With each succeeding energy transformation, some energy is degraded
some is passed on to the next level (to the left) and some is fed back in control actions. Explanations of symbols may be found

in Odum (1996).

TABLE I

Example Emergy Evaluation Table

1 2 3 5 6 7
Emergy/unit Solar emergy emS$ Value

Note Item Data Units (sej/unit) (E+15 sej/year) (1998 emS/year)

1. First item XX.X sej/vear XXX.X XXX.X XXX.X

2. Second item XX.X gf/vear XXX.X XXX.X XXX.X

n. nth item XX.X sej/year XXX.X XXX.X XXX.X

O. Output XX.XX sej or g/year XXX.X St Em XXX.X

1.3.3 Emergy of Storages

When calculating the emergy of stored quantities
(storages)—for instance, wood biomass in a forest
ecosystem or buildings in a city—it is necessary to
sum the emergy of each of the inputs for the time of
its contribution. Input emergy inflows are multiplied
by the time it takes to accumulate the storage and
exported yield, if any.

1.3.4 Evaluations Based on Averaged Inputs
Apparently all systems pulse with time intervals and
pulse strength that increase with scale. To evaluate a
process on one scale of time and space usually means

using averages for each of the inputs from smaller
scales where pulses are of high frequency. For
example, for an evaluation of phenomena on the
scale of human economy, yearly averages are often
appropriate. On this scale average solar energy and
average tidal energy are used. For calculations of
global processes over a longer scale of time, an
average of inputs from the deep earth may be used.
Thus, for many purposes emergy evaluations are
made with averaged inputs. The result is emergy
evaluation as if the system was in a steady state. If
the table is an evaluation of a storage, the result is in
solar emjoules. If the table is an evaluation of a



product flow, the result is in solar emjoules per time
(or empower).

Dynamic emergy evaluations of storages and flows
are also used. When a storage is growing, decreasing,
or oscillating, its stored emergy contents and trans-
formity are changing as well. Where a system is
adequately represented by a dynamic model, an
algorithm can be added to the model which calculates
a time sequence of emergy and transformity. A
simulation model of this type produces a running
calculation according to the emergy definition, sum-
ming the inputs to storages, multiplying these by their
unit emergy, and subtracting emergy removals.

1.3.5 Calculating Unit Emergy Values

After a table is prepared that evaluates all the inputs,
unit emergy values of products can be calculated.
The output or product (row “O” in Table I) is
evaluated first in units of energy, exergy, or mass.
Then the input emergy is summed and unit emergy
value for the product calculated by dividing the
emergy by the units of the output. The unit values
that result are useful for other emergy evaluations.
Thus, any emergy evaluation generates new emergy
unit values.

1.3.6 Performance Indicators
The systems diagram in Fig. 2 shows nonrenewable
environmental contributions (N) as an emergy
storage of materials, renewable environmental inputs
(R), and inputs from the economy as purchased (F)
goods and services. Purchased inputs are needed for
the process to take place and include human service
and purchased nonrenewable energy and material
brought in from elsewhere (fuels, minerals, electri-
city, machinery, fertilizer, etc.). Several ratios, or
indices are given in Fig. 1 that are used to evaluate

F Purchased resources

Services

Local
renewable
sources

Y _: Yield

Environmental Economic
stem: use

i

4—/{

Yield (Yy=R+N+F

Emergy yield ratio = Y/F

Emergy investment ratio = F/(R + N}
Environmental loading ratio = (F + N)/R
Empower density = (R + N + F)/area

FIGURE 2 Emergy indices used as performance indicarors.
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the global performance of a process as follows:

Emergy vield ratio. The ratio of the total emergy
(local and imported) driving a process or system to
the emergy imported. The ratio is a measure of the
potential contribution of the process to the main
economy, due to the exploitation of local
resources.

Environmental loading ratio. The ratio of non-
renewable and imported emergy use to renewable
emergy use. It is an indicator of the pressure of a
transformation process on the environment and
can be considered a measure of ecosystem stress
due to a production (transformation activity).

Emergy sustainability index. The ratio of the emergy
yield ratio to the environmental loading ratio. It
measures the potential contribution of a resource
or process to the economy per unit of
environmental loading.

Ewmergy investment ratio. The ratio of emergy fed
back from outside a system to the indigenous
emergy inputs (both renewable and non-
renewable). It evaluates if a process is a good
user of the emergy that is invested, in comparison
with alternatives.

Empower density. The ratio of total emergy use in the
economy of a region or nation to the total area
of the region or nation. Renewable and non-
renewable emergy density are also calculated
separately by dividing the total renewable emergy
by area and the total nonrenewable emergy by
area, respectively.

Several other ratios are sometimes calculated
depending on the type and scale of the systems being
evaluated.

Percent renewable emergy (%Ren). The ratio of
renewable emergy to total emergy use. In the long
run, only processes with high %Ren are
sustainable.

Emprice. The emprice of a commodity is the emergy
one receives for the money spent. Its units are sej/$.

Emergy exchange ratio. The ratio of emergy
exchanged in a trade or purchase (what is
received to what is given). The ratio is always
expressed relative to one or the other trading
partners and is a measure of the relative trade
advantage of one partner over the other.

Emergy per capita. The ratio of total emergy use in
the economy of a region or nation to the total
population. Emergy per capita can be used as a
measure of potential, average standard of living of
the population.
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1.3.7 Understanding Emergy Indicators:
What They Indicate
Lengthy discussion of the performance indicators were
given in a previous publication by the authors titled
“Emergy Based Indices and Ratios to Evaluate
Sustainability—Monitoring Economies and Technol-
ogy towards Environmentally Sound Innovation.”
Additional background and further discussion follows.

Transformity only measures how much emergy it
takes to generate one unit of output, regardless of
whether or not the input is renewable. It is a measure
of efficiency on the global spatial and timescale of the
biosphere. It indicates the hierarchical position of an
item in the thermodynamic scale of the biosphere and
can be regarded as a quality factor from the point of
view of biosphere dynamics.

The ELR =(N-+F)/R is designed to compare the
amount of nonrenewable and purchased emergy
(N+F) to the amount of locally renewable emergy
(R). In the absence of investments from outside, the
renewable emergy that is locally available would have
driven the growth of a mature ecosystem consistent
with the constraints imposed by the environment and
would be characterized by an ELR = 0. Instead, the
nonrenewable imported emergy drives a different site
development, whose distance from the natural
ecosystem can be indicated by the ratio (N +F)/R.
The higher this ratio, the bigger the distance of the
development from the natural process that could have
developed locally. In some ways, the ELR is a
measure of the disturbance to the local environmental
dynamics, generated by the development driven from
outside. The ELR is clearly able to make a difference
between nonrenewable and renewable resources, thus
complementing the information that is provided by
the transformity (Brown and Ulgiati, 1997). From
past experience gained in previous case studies
investigated, it appears that low ELRs (around two
or less) are indicative of relatively low environmental
impacts (or processes that can use large areas of a
local environment to “dilute impacts®). ELRs be-
tween three and ten are indicative of moderate
environmental impacts, while ELRs ranging from
ten up to extremely high values indicate much higher
environmental impacts due to large flows of concen-
trated nonrenewable emergy in a relatively small local
environment.

The emergy yield ratio, EYR=(R+N+F)/F, is a
measure of the ability of a process to exploit and
make available local resources by investing outside
resources. It provides a look at the process from
a different perspective, its openness. It provides a
measure of the appropriation of local resources by

a process, which can be read as a potential additional
contribution to the economy, gained by investing
resources already available. The lowest possible value
of the EYR is 1, which indicates that a process delivers
the same amount of emergy that was provided to drive
it, and that it is unable to usefully exploit any local
resource. Therefore, processes whose EYR is 1 or only
slightly higher do not provide significant net emergy to
the economy and only transform resources that are
already available from previous processes. In so doing,
they act as consumer processes more than creating
new opportunities for system’s growth. Primary energy
sources (crude oil, coal, natural gas, uranium) usually
show EYRs greater than 3, since they are exploited
by means of a small input from the economy and
return much greater emergy flows, which have been
generated by previous geologic and ecological activ-
ities that accumulated these resources over past
millennia. Secondary energy sources and primary
materials like cement and steel show EYRs in the
range from 2 to 5, indicating moderate contribution to
the economy.

If the ELR (nonrenewable versus renewable
emergy flows) and EYR (outside versus local emergy
flows) are combined, a sustainability index is
created—that is, an aggregated measure of the
potential contribution to the larger system (EYR)
per unit of loading imposed on the local system
(ELR). This indicator, called emergy index of
sustainability (EIS) is usefully applicable to measure
openness and loading changes occurring over time in
both technological processes and economies. In
principle, the lowest possible value of the EIS is zero
(when EYR =0 and ELR < ¢ or when EYR#0 and
ELR — ¢ ), while the theoretical upper limit (— ) is
only possible for untouched, mature ecosystems.
According to the results of several case studies
investigated, EIS’s lower than 1 appear to be
indicative of consumer products or processes and
those greater than 1 indicative of products that
have net contributions to society without heavily
affecting its environmental equilibrium. As it relates
to economies, an EIS lower than 1 is indicative
of highly developed consumer-oriented systems, EISs
between 1 and 10 have been calculated for what
have been termed “developing economies,” while
EISs greater than 10 indicate economies that
have not yet significantly started any industrial
development.

Finally, the emergy density, ED, measures the
amount of emergy invested on one unit of land and
suggest land be a limiting factor to any kind of
development or process. Higher EDs characterize



city centers, information centers such as governmen-
tal buildings, universities, and research institutions,
and industrial clusters, while lower EDs are calcu-
lated for rural areas and natural environments.

2. EMERGY EVALUATION OF THE
BIOSPHERE AND ITS PROCESSES

Figure 3 shows an aggregated system diagram of the
energy transformation network of the biosphere
arranged with decreasing energy from left to right.
In Fig.3, all the components interact and are
required by the others. As a result, the total emergy
driving the biosphere (the sum of solar, tidal, and
deep heat) is required by all processes within, and
thus the emergy assigned to each of the internal
pathways is the same. After millions of years of self-
organization, the transformations of the driving
energies by the atmosphere, ocean, and land are
organized simultaneously to interact and contribute
mutual reinforcements. Therefore, the energy flow of
each jointly necessary process is the sum of the
emergy from the three sources.

2.1 Annual Budget of Emergy Flow
(Empower) Supporting the Geobiosphere

An emergy evaluation table of the main inputs to the
geobiosphere of the earth (omitting, for the moment,
the emergy use from nonrenewable resources) is given
in Table II. The annual budget of emergy flow
(empower) supporting the geobiosphere (atmosphere,
ocean, and earth crust) includes solar energy, tidal
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TABLE II

Annual Emergy Contributions to Global Processes™ (after Odum
et al., 2000)

Inflow  Emergy/unit Empower
Input Units units/year  sej/unit E24 sej/year
Solar insolation,  J*  3.93 E24 1.0 3.93
Deep earth hear, J® 6.72E20 1.20E4 8.06
Tidal energy, J¢ 0.52 E20 7.39 E4 3.84
Total — — 15.83

Abbreviations: sej =solar emjoules; E24 means multiplied by
107,

*Not including nonrenewable resources.

“Sunlight: solar constant 2gcal/em®min=2 Langley per
minute; 70% absorbed; earth cross section facing sun 1.27 E14m>.

?Heat release by crustal radioactivity 1.98 E20 J/year plus 4.74
E20 J/year heat flowing up from the mantle (Sclater ez al., 1980).
Solar transformity 1.2 E4 sej/] based on an emergy equation for
crustal heat as the sum of emergy from earth heat, solar input to
earth cycles, and ride (Odum, 2000a).

“Tidal contriburion to oceanic geopotential flux is 0.52 E20]/
year (Miller, 1966). Solar transformity of 7.4 E4 sej/] is based on
an emergy equation for oceanic geopotential as the sum of emergy
from earth hear, solar input to the ocean, and tide following
Campbell (1998) (Odum, 2000a).

energy, and heat energy from the deep earth. Other
inputs from space, such as the high-energy radiation
of solar flares, cosmic rays, meteorites, and stellar
dust, are not evaluated. All of these vary with
oscillations and pulses, and their emergy values vary
with their intensities.

Total emergy contributions to the geobiosphere
are about 15.83 E24 sej/year based on a reevaluation

Solar
energy

Deep
earth
Tidal heat
energy
\1

Mineral
reserves Nonrenewable
fuels ’ i USES

FIGURE 3 Energy transformation network of the biosphere. The interconnected pathways of energy flow, inpurs, and all
main components are necessary to all the other components and processes.
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and subsequent recalculation of energy contributions
done in the year 2000. Prior to that date, the total
emergy contribution to the geobiosphere that
was used in calculating unit emergy values was
9.44 E24 sej/year. The increase in global emergy
reference base to 15.83 E24 sej/year changes all the
unit emergy values that directly and indirectly
were derived from the value of global annual
empower. Thus, unit emergy values calculated prior
to that year are multiplied by 1.68 (the ratio of
15.83/9.44).

2.2 Average Emergy Unit Values for Main
Global Processes

Table III calculates unit emergy values for some main
flows of the earth. The total emergy input to the
geobiosphere in solar emergy (15.83 E24 sej/yr from
Table II) is divided by each of the global product’s
ordinary measure (number of joules or grams).
The unit values that result are useful for other
emergy evaluations where global averages can be
used.

TABLE III

2.3 Temporary Emergy Inputs to
the Geobiosphere

In the 19th and 20th centuries, the production and
consumption processes of human civilization using
the large emergy in the geologic stores of fuels and
minerals reached a scale with global impact. Because
these storages are being used much faster than they
are being generated in geologic cycles, they are often
called nonrenewable resources. They are acrually very
slowly renewed resources. Table IV summarizes these
additional components of the global emergy budget.

At present, the emergy contribution through the
human civilization to the geobiosphere from the
slowly renewed resources is greater than the inputs
from renewable sources. A symptom of this surge
of temporary emergy inflow is the carbon-dioxide
accumulation in the atmosphere that causes green-
house effects that change the pattern and intensity
of weather.

It is important to note that the unit emergy values
given in Table III are average values for global
processes. It is well understood that there is no single

Emergy of Products of the Global Energy Svstem (after Odum et al., 2000)

Emergy® Production Emergy/unit
Product and units E24 sej/vear units/year sej/unit
Global latent hear, J7 15.83 1.26 E24 12.6 sejl]
Global wind circulation, J* 15.83 6.45 E21 2.5 E3 sejl]
Global precipitation on land, g° 15.83 1.09 E20 1.5 E5 sejlg
Global precipitation on land, J¢ 15.83 5.19 E20 3.1 E4 sej/]
Average river flow, g° 15.83 3.96 E19 4.0 ES sejlg
Average river geopotential, J’ 15.83 3.4 E20 4.7 E4 sej/f
Average river chem. energy, J¢ 15.83 1.96 E20 8.1 E4 sej/]
Average waves at the shore, ]': 15.83 3.1 E20 5.1 E4 sej/]
Average ocean current, J' 15.83 8.6 E17 1.8 E7 sej/]

“Main empower of inputs to the geobiospheric system from Table II not including nonrenewable consumption (fossil fuel and mineral

use}.

“Global latent heat = latent heat of evapotranspiration 1020 mm/year (1020 mm/year) (1000 g/m*/mm) (0.58 keal/g) (4186 J/kcal) (5.1

E14m?) =1.26 E24 J/year.

b Global wind circulation, 0.4 watrs/m® (Wiin-Nielsen and Chen, 1993) (O.4J/ml/sec) (3.15 E7 sec/year) (5.12 E14 m*/earth) = 6.45 E21

Jlvear.

°Global precipitation on land = 1.09 E11 m®/year (Ryabchikov, 1973) (1.09 E14m?) (1 E6 kg/m®) =1.09 E20 g/year.

4 Chemical potential energy of rainwater relative to seawater salinity (1.09 E20 g/vear) (4.94] Gibbs free energy/g) = 35.19 E20 J/year.

°Global runoff, 39.6 E3 km’/year (Todd, 1970) (39.6 E12 m’/year) (1 E6 g¢/m?) = 3.96 E19 gfvear.

/"A\'erage river geopotential work; average elevation of land = 875 m (39.6 E12 m’/year) (1000 kg/ms) (9.8 m/sec”) (875 m)=3.4 E20J/
vear.

¢ Chemical potential energy of river water relative to seawater salinity (3.96 E19 g/year) (4.94 ] Gibbs free energy/g) = 1.96 E20 J/vear.

¥ Average wave energy reaching shores, (Kinsman, 1965) (1.68 E§ kcal/m/year) (4.39 E§ m shore front)(4186 J/kcal) = 3.1 E20 J/year.

"'A\f'erage ocean current: 5cm/sec (Oort et al., 1989); 2-year turnover time (0.3) (1.37 E21kg warer) (0.050m/sec) (0.050 m/sec)/
(2 vear)=8.56 E17 J/vear.
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TABLE IV

Annual Emergy Contributions to Global Processes Including Use of Resource Reserves (after Brown and Ulgiati, 1999)

Inflow Emergy/unit” Empower E24
Inputs and Units (J/year) (sej/unit) sej/year
Renewable inputs’ — — 15.8
Nonrenewable energies released by sociery
oil, J* 1.38 E20 9.06 E4 12.5
Nartural gas (oil eq.), J 7.89 E19 8.05 E4 6.4
Coal (il eq.), J* 1.09 E20 6.71 E4 7.3
Nuclear power, J* 8.60 E18 335ES 2.9
Wood, 5.86 E19 1.84 E4 1.1
Soils, J* 1.38 E19 1.24 E5 1.7
Phosphare, J* 4.77 El16 1.29 E7 0.6
Limestone, J! 7.33 E16 2.72 E6 0.2
Metal ores, g 9.93 E14 1.68 E9 1.7
Total nonrenewable empower 34.3
Tortal global empower 50.1

Abbreviations: sej = solar emjoules; E3 means multiplied by 10%; t=merric ton; oil eq. = oil equivalents.

*Values of solar emergy/unit from Odum (1996) and modified to reflect a global resource base of 15.83 E24 sej/year.

“Renewable Inputs: Toral of solar, tidal, and deep heat empower inputs from Odum (1996).

b Total oil production= 3.3 E9 Mt oil equivalent (British Petroleum, 1997) Energy flux= (3.3 E9t oil eq.) (4.186 E10 J/t oil eq.)=1.38
E20 J/vear oil equivalent.

“Toral natural gas production =2.093 E9 m’ (British Petroleum, 1997) Energy flux = (2.093 E12 m?) (3.77 E7 Jm®) = 7.89 E19 J/year.

4Total soft coal production = 1.224 E9 t/year (British Petroleum, 1997) Total hard coal production = 3.297 E9 tyear (British Petroleum,
1997) Energy flux=(1.224 E9 t/year) (13.9 E9 J/t) +(3.297 E9 t/year)(27.9 E9 J/t)=1.09 E20 J/year.

“Toral nuclear power production = 2.39 E12 kwh/year (British Petroleum, 1997); Energy flux =(2.39 E12 kwh/year)(3.6 E6 J/kwh)=8.6
E18 Jlyear electrical equivalent.

f Annual net loss of forest area =11.27 E6 ha/year (Brown et al., 1997) Biomass =40kg m?; 30% moisture (Lieth and Whitaker, 1975)
Energy flux = (11.27 E6 halyear) (1 E4 m*/ha) (40 kgm?)(1.3 E7 J/kg)(0.7) = 5.86 E19 J/year.

#Total soil erosion = 6.1 E10 t/vear (Oldeman, 1994; Mannion, 1995) Assume soil loss 10 t/ha/year and 6.1 E9 ha agricultural land=6.1
El6/g/year (assume 1.0% organic matter), 5.4 kcal/g Energy flux=(6.1 E16 g)(.01) (5.4 kcal/g)(4186 J/kcal) = 1.38 E19 J/year.

*Toral global phosphate production= 137 E6 t/year (USDI, 1996} Gibbs free energy of phosphate rock = 3.48 E2 J/g Energy flux= (137
E12 g)(3.48 E2 J/g)=4.77 E16 J/vear.

“Toral limestone production = 120 E6 t/year (USDI, 1996) Gibbs frec energy of phosphate rock =611 J/g Energy flux= (120 E12 g)(6.11
E2 J/g)=7.33 E16 ]Jlyear.

"Total global production of metals 1994: Al, Cu, Pb, Fe, Zn {World Resources Institute, 1996): 992.9 E6 t/year=992.9 E12 g/year.

unit emergy value for any given product, since no two
processes are alike. This also holds for the processes of
the biosphere. For instance, there are many transfor-
mities for rain depending on location and even time of
year. Precipitation varies with altitude, is affected by
mountains, and depends on the weather systems in
complex ways. The evaluations in Table III are for the
whole earth with 70% ocean. If the land is regarded
as a higher level in the hierarchical organization of the
geobiosphere, then rain over the land represents a
convergence of oceanic resources as well as those of
the continents, and calculation of continental rain
transformity includes all geobiosphere driving energy
(see rows 3 and 4 in Table III). As a result, continental
rainfall has a higher transformity compared to the
global average. To carry this idea even farther, the

rainfall in any particular location may have a higher
or lower transformity depending on the source area
and intensity of the solar energy driving the cycles that
produce it.

3. UNIT EMERGY VALUES
FOR FUELS AND SOME
COMMON PRODUCTS

Unit emergy values result from emergy evaluations.
Several tables of unit emergy values for some common
materials and energy sources follow. In Table V, unit
emergy values are given for primary nonrenewable
energy sources along with the emergy yield ratio
(EYR). In some cases, the EYR is based on only one
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TABLE 'V

Unit Emergy Values for Primary Nonrenewable Energy Sources
(After Odum, 1996, Updated)

TABLE VI

Unit Emergy Values for Some Conunon Products (After Odum,
1996, Updated)

Transformity Transformity Specific emergy

Item (Sej/]) Sej/g EYR Item (Sej/J) (Sej/g)
Plantation pine (in situ) 1.1 E4 9.4 E7 2.8 Corn stalks 6.6 E4

Peat 3.2 E4 6.7 E8 3.0 Rice, high energy’ 7.4 E4 1.4 E9
Lignite 6.2 E4 . Cotton 14 ES
Coal 6.7 E4 8-10.5 Sugar (sugarcane)” 1.5 E5

Rainforest wood 6.9 E4 4.1 E8 22 Corn 1.6 E5 24E9
(chipped, trans.) Buter 22 E6
Natural gas 8.1E4 6.8-10.3 Ammonia fertilizer 3.1E6
Crude oil 9.1 E4 3.2-11.1 Murton 5.7E6
Liquid moror fuel 1.1E5 2.6-9.0 Silk 6.7 E6
Electricity 34E5 — Wool 7.4 E6
Phosphate fertilizer 1.7E7
Shrimp (aquaculture) 22E7

evaluation for instance plantation pine. In other cases, Sreel? 87E7 78 E9

several evaluations have been done of the same pri-
mary energy but from different sources and presum-
ably different technology, so a range of values are
given. For instance, the range of values for natural gas
(6.8 to 10.3) represent the difference between offshore
natural gas (6.8) and on natural gas produce in the
Texas field on shore (10.3). Obviously each primary
energy source has a range of values depending on
source and technology. By using data from typical
production facilities (and actually operating facilities),
the unit emergy values represent average conditions
and can be used for evaluations when actual unit
values are not known. If it is known that conditions
where an evaluation is being conducted are quite
different than the averages suggested here, then
detailed evaluations of sources should be conducted.
Table VI lists the unit emergy values for some
common products in the order of their transformity.
Only a few products are given here, while many more
evaluations leading to unit emergy values have been
conducted and are presented in a set of emergy folios,
published by the Center for Environmental Policy at
the University of Florida (www.ees.ufl.edu/cep).
Calculations of emergy production and storage
provide a quantitative basis for making choices
about environment and economy. The unit energy
values done previously aid new evaluations, since
they may save time and energy of authors attempting
other evaluations because they do not need to
reevaluate all inputs from scratch. In light of this, a
series of emergy folios have been published, and
others planned, that provide data on emergy
contents, the computations on which they were
based, and comparisons (www.ees.ufl.edu/cep/emer-

? After Brown and McKlanahan (1996).
b Afrer Odum and Odum (1983).

gydownloads.asp). To date there are five folios by as
many authors, who take the initiative to make new
calculations or assemble results from the extensive
but dispersed literature in published papers, books,
reports, theses, dissertations, and unpublished manu-
scripts. The tabulating of unit emergy values and
their basis is the main purpose of the handbooks.

4. CASE STUDIES: EVALUATION OF
ENERGY CONVERSION SYSTEMS

Several case studies of conversion systems are
evaluated using embodied energy analysis and emergy
analyses (hereafter EEA and EMA, respectively). The
results from case studies are discussed jointly in the
following sections of this article. Comparisons are
made to highlight synergisms that support each other
and differences that require EMA be used for a deeper
understanding of energy systems performance. Eva-
luations of the case studies resulted from a joint
research project between the authors with funding
from the Italian Energy Agency (ENEA).

4.1 Description of the Power Systems

4.1.1 Oil-Powered Thermal Plant
A conventional oil-powered thermal plant (Fig. 4)
mainly consists of a fuel storage area, boilers for
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FIGURE 4 System diagram of a thermal power plant an its environment showing the use of nonrenewable energy as well as

the use of the environment for cooling.

steam generation, steam turbines, electric generators,
a set of electricity transformers from low to high
voltage for easier transport to final users, one or more
chimneys for the release of combustion gases to the
atmosphere, and finally a set of heat exchangers and
pumps to cool the plant off by means of river or sea
water (44 m>/s) and condense the steam. Filters and
scrubbers for partial uptake of pollutants at the
chimney mouth as well as fuel desulfurization devices
are also used. The data for the evaluation were
provided by the Iralian National Electric Company
(ENEL) and relate to the actual average performance
of the Piombino 1280 MWe power plant (Tuscany,
Italy). The plant consists of four 320 Mwe boiler-
turbine-generator groups, cooled by the seawater
from the nearby Mediterranean Sea. All inputs were
listed and grouped according to their material
components (steel, copper, etc.), then suitable energy
and emergy intensity coefficients were used, accord-
ing to previous studies available in the scientific
literature. Labor and services are also accounted for
in the emergy analysis only. Waste heat and chemicals
released to the environment (seawater and atmo-
sphere) were quantified and the amount of environ-
mental services (cooling water, wind, etc.) needed for
dispersal, dilution and abatement is calculated by
means of the emergy accounting procedure. Fig. 4
shows the direct and indirect annual environmental
flows supporting the construction of the plant
structure (assuming a lifetime of 25 years) as well
as its daily operation. The plant started to be fully

operative in the year 1979, which means that it is not
far from the end of its life cycle and may require a
significant upgrade investment or final decommission-
ing and replacement by a more modern technology.

4.1.2 Wind Turbine

The investigated case study (Fig.5) consists of a
2.5MW wind powered field, composed with 10
single-blade, 250 kW, wind turbines M30-A, sited in
southern Italy (Casone Romano). The wind field,
installed in the year 1995 by the Riva Calzoni
Company, is presently operated by ENEL. The
distance between two generators is 150m. Each
turbine is located on the top of a 33 m support tower.
Operating wind speeds are between 4 and 25 m/s.
For wind speeds outside of these extremes, the
turbine automatically stops. The wind field does
not require any local labor for its daily activity and is
directly managed from the operating company by
means of remote control. The energy systems
diagram of a wind power plant is shown in Fig. 5.

4.1.3 Geothermal Plant
To optimize the exploitation of the rich geothermal
fields available in central Italy (Tuscany), the Na-
tional Electric Company designed a 20 MW power
module to be efficiently and cost-effectively installed
in several sites of the geothermal area (Fig. 6). The
main reason supporting the development of such a
module is the need for the reduction of the time
between the discovery of a new geothermal site and
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FIGURE 6 System diagram of a geothermal power plant showing the use of nonrenewable energies in developing the steam
field and power plant, the use of geothermal steam, and release of heat and salts to the larger environment.

its actual exploitation. The module essentially con-
sists of a turbine-generator group, receiving high-
enthalpy fluids from nearby wells. A fraction of the
extracted steam is then released to the atmosphere,
through three cooling towers. The remaining fraction
is, instead, condensed and reinjected into the under-
ground reservoir to avoid their water depletion. The

steam pipelines are made with steel and are insulated
with rockwool and aluminum. Instead, the reinjec-
tion lines are made with glass fiber. The data used for
the case study were provided by ENEL and relate the
Cornia 2 power plant, sited close to Pisa and installed
in the year 1994. No local labor is required. The plant
is 24 hours per day distance-operated by the



company’s operative station sited in Larderello, the
site. where the first electric plant running on
geothermal heat was installed in 1904.

Geothermal fluids carry and release significant
amounts of hydrogen sulphide, carbon dioxide,
radioactive radon, arsenic, mercury, nitrogen, and
boron. This involves plant corrosion problems as
well as pollution problems in the area. For this
reason, several devices have been designed for the
uptake and abatement of the most dangerous
chemicals. The plant as well as the environmental
and technological flows supporting its activity are
described by the systems diagram drawn in Fig. 6.

4.1.4 Hydroelectric Plant
The case study (systems diagram shown in Fig. 7)
concerns the reservoir-dam electric plant Pollino
Nord, sited in southern Italy. Its activity started in
the year 1973. The reservoir has a capacity of
1000m> and is located at about 600 m above sea
level. Water flows out of the dam through an iron
pipeline reaching the turbines located downstream,
at about 50 m above sea level. Two 51 MW turbines
with vertical axis convert the water energy into
electricity, generating a total actual electric power of
about 85 MW. The plant started its activity in 1973.
No labor is required for plant operation. It is
distance-operated from the ENEL headquarters in
Catanzaro (southern Italy).
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4.1.5 Bioethanol Production

Figure 8 describes the main steps of the process: corn
production, harvesting and transport to plant, and
industrial processing. Corn is processed to ethanol
and distillers dried grains with solubles (DDGS), to
be used as animal feed. Agricultural residues were
considered as a partial source of process heat (to
substitute for some of the coal), so that a lower fossil
energy input can be charged to the industrial phase.
However, harvesting agricultural residues depletes
the amount of nutrients in soil and requires
significant energy expenditure for their replacement.
Soil erosion is also accelerated, with significant
consequences on soil fertility. Therefore, the fraction
of agricultural residues that can be actually harvested
is small and depends on a variety of parameters that
are not easy to determine. The evaluation was
conducted assuming that approximately 70% of
agricultural residues were harvested, taking some of
the above mentioned consequences (loss and replace-
ment of nutrients in soil) into account. Corn
production data refer to Iralian agricultural stan-
dards, while corn-to-ethanol industrial conversion
refers to average available conversion technologies.

4.1.6 Hydrogen from Steam Reforming of
Natural Gas
Steam reforming of hydrocarbons (mainly natural
gas) has been the most efficient, economical, and
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widely used process for hydrogen production. An
aggregated energy systems diagram of a conventional
steam reforming process is shown in Fig. 9A. The
feedstock (i.e. natural gas) is mixed with process
steam and reacts over a nickel-based catalyst
contained inside a system of alloyed steel tubes. To
protect the catalyst, natural gas has to be desulfur-
ized before being fed to the reformer. The following
reactions take place in the reformer:

CHy + H,O—-CO + 3H,
CO+H,0—-CO; + H».

The output of the reformer is fed to a series of shift
reactors and a pressure swing adsorption unit, where
hydrogen is separated and purified to over 99% purity.
The reforming reaction is strongly endothermic and
energy is supplied by combustion of natural gas or fuel
oil. The reaction temperature is usually in the range
700 to 900°C.

4.1.7 Hydrogen from Water Electrolysis
Figure 9B shows an aggregated view of the hydrogen/
water electrolysis process. Alkaline water electrolysis
is a well-established industrial process in which
electricity is used to split water into its component
elements, generating hydrogen in a 1:1 molar ratio,
with cell efficiencies in the order of 80 to 90%. The
following reactions take place at the electrodes of an
electrolysis cell (called an electrolyzer) filled with a
suitable electrolyte (aqueous solution of KOH,
NaOH, or NaCl) upon the application of a potential:

Cathode reaction: 2H,O (1) +2e™ —
H,(g) +20H" (aq)

Anode reaction: 20H™(aq) —»10,(g) + H,O(1)

Overall cell reaction: H,O (1) -»Ha(g) + O, (g)

An electrolysis plant can operate over a wide range
of capacity factors and is convenient for a wide range
of operating capacities, which makes this process
interesting for coupling with both renewable and
nonrenewable energy sources. The needed electricity
can be purchased from the grid (an interesting option
in the case of excess electricity production from
hydroelectric plants, for example) or produced on
site. In this article, the electrolysis is assumed driven
by the electricity generated by the oil-powered and
wind-powered plants described earlier.

4.1.8 Ocean Thermal Energy Conversion (OTEC)
OTEC is an energy technology that converts indirect
solar radiation to electric power (Fig.10). OTEC
systems use the ocean’s natural thermal gradient—
the fact that the ocean’s layers of water have different
temperatures—to drive a power-producing cycle.
Commercial ocean thermal energy conversion plants
must be located in an environment that is stable
enough for efficient system operation. The tempera-
ture of the warm surface seawater must differ about
20°C (36°F) from that of the cold deep water that
is no more than about 1000 meters (3280 feet) be-
low the surface. The natural ocean thermal grad-
ient necessary for OTEC operation is generally
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FIGURE 9 (A) Aggregated systems diagram of hydrogen production from steam reforming and (B) electrolysis.

found between latitudes 20 “N and 20° S. Within this
tropical zone are portions of two industrial nations—
the United States and Australia—as well as 29
territories and 66 developing nations. Of all these
possible sites, tropical islands with growing power
requirements and a dependence on expensive im-
ported oil are the most likely areas for OTEC
development. Electricity generated by plants fixed
in one place can be delivered directly to a utility grid.
A submersed cable would be required to transmit
electricity from an anchored floating platform to
land. Moving ships could manufacture transportable
products such as methanol, hydrogen, or ammonia
on board. The OTEC data for the evaluation are
from Odum. He investigated the OTEC technology,
performing both an energy and emergy assessment.
His conclusions, based on emergy accounting, were
that although OTEC shows a small net emergy yield
it is unlikely to be competitive with fossil powered
technologies for electricity, due to the excessive

dilution of solar energy resulting into a very small
heat gradient of marine water.

4.2 Methods

Apart from the OTEC plant, the case studies
represent real plants, evaluated on the basis of the
electricity actually generated and the fuel actually
used. Therefore, calculated performance indicators
may appear worse than those theoretically obtain-
able on the basis of nameplate power and efficiency,
although the order of magnitude does not change
significantly.

4.2.1 Data and Calculations
Unless specified differently, a lifetime of 25 years is
assumed for each of the investigated plants or assets.
Data used include construction materials, source
energy, and labor in construction, as well as
operation and maintenance, environmental inputs,



344 Emergy Analysis and Environmental Accounting

Warm
surface
water

Electric power

i heat engme /

Cool
waters
below

¥ Ocean thermal energy
— conversion (OTEC)

FIGURE 10 Aggregated systems diagram of ocean thermal
energy conversion showing the use of labor, goods, and services
{nonrenewable) and differentdal in surface and deep ocean water
temperature.

and process outputs including electricity and pollu-
tants. Input data for main plant components were
kindly supplied by the companies producing and
operating them.

All plants are analyzed using the same procedures
as outlined earlier. Input data for each item (row) in
the evaluation tables are the actual operational data
of each plant and are converted into appropriate
units using specific calculation procedures, most of
which are described by Odum in his text Environ-
mental Accounting. Input data to each investigated
process are multiplied by suitable conversion coeffi-
cients (unit oil equivalents, gy /unit of item, for
energy evaluation; transformities, sej/unit of item, for
emergy evaluation), to yield energy and emergy
values associated with each input item. Energy values
(expressed as grams of oil equivalent) are then
converted into grams of released carbon dioxide, by
means of an average oil-to-carbon dioxide conver-
sion coefficient derived from typical reaction stoi-
chiometry. Energy, emergy, and CO, flows are then
summed, yielding a total that is divided by the
amount of the product of each plant to yield its
energy cost, its transformity, and its associated
carbon emissions. Finally, data are used to calculate
several other energy-, emergy-, and carbon-flow
indicators to obtain an overall picture of plant
performance. All inputs to the electric production
systems are expressed on a vearly basis. Fixed capital
equipment, machinery, buildings, and so on are
divided by their estimated useful life (10 to 30 years,
depending on the case). Outputs are also expressed
on an annual basis. CO; production is calculated for
direct fuel combustion in thermal plants and
estimated for goods and human services using

multipliers of indirect energy consumption for their
production. These multipliers are derived from a
standardized comparison of literature in this field.

4.2.2 Performance Indicators
EEA typically evaluates energy sources and the
outputs from process in their heat equivalents. Two
indicators commonly used in EEA are calculated for
all the investigated case studies. The first one is
related to CO, production and global warming
potential and is the amount of CO, released per
megawatt of energy delivered. The second indicator
is the output/input energy ratio (also called energy
return on investment, EROI, according to Hall ez al.).
It is calculated as the ratio of heat equivalent energies
of outputs and input flows and is considered as a
measure of the first law energy efficiency of a process.
The total input energy in this study is derived by
multiplying all goods and materials consumed in the
construction (divided by the average life span of the
structure and equipment) and the annual mainte-
nance of plants by energy equivalent multipliers, and
adding the annual energy consumed directly and
indirectly.

The output as electricity is converted to joules
using the standard conversion of 3.6 x 10°J/kWh,
while the masses of bioethanol and hydrogen are
multiplied by their higher heating value (J/g). CO,
releases are evaluated by multiplying the total input
energy (sum of energy used directly and indirectly) by
a standard stoichiometric conversion, 3.2 g CO,/g oil
equivalent. Renewable energy plants (wind, hydro,
and geothermal) obviously do not burn fossil fuels
directly, so their direct CO, emissions are lower (zero
for the hydro and wind plants, but not negligible for
the geothermal power plant due to underground CO,
contained in the geothermal fluid extracted).

EMA indices are calculated in a similar way. Each
item in Table VII (bioethanol) and Table VIII (wind
turbine) as well as in all the other tables related to
the investigated case studies is multiplied by an
appropriate transformity to get the emergy input
from the item to the process. The total emergy (a
measure of the total environmental support or
ecological footprint to the process) is then calculated
by summing all inputs according to the previously
described emergy algebra. Finally, a new transfor-
mity for the process output is calculated by dividing
the total emergy by the exergy (sometimes the mass)
of the product. Further emergy-based indicators
(emergy vield ratio, environmental loading ratio,
emergy index of sustainability, emergy density) are
also calculated.



4.3 Results and Discussion

Comparing EEA- and EMA-based performance
indicators for each kind of energy conversion device
makes it possible to ascertain what pieces of
information can be obtained from each one of the
two approaches and to better understand the space-
time scale difference between them.

A careful reading of Tables VII to X provides a
rich set of information. Tables VII and VIII are given
as examples of how emergy calculations are per-
formed. Table VII refers to bioethanol production
from corn (Fig. 8), while Table VIII refers to a
2.5MW wind electricity production field (Fig. 5).
Tables IX and X provide a comparison among
energy-, carbon-, and emergy- based indicators in
all the conversion patterns investigated. Table IX
refers to electricity generation, while Table X refers
to selected energy carriers other than electricity.
Conversion factors used and references are clearly
listed in each table.

4.3.1 Energy and Emergy Evaluations
Emergy evaluations of bioethanol production from
corn (Table VII) and electricity generation from wind
(Table VIII) are given as examples for a clear
description of the emergy approach. These two case
studies do not focus on the best available technolo-
gies and it is possible that other wind turbines or
biomass-to-ethanol processes exist showing better
performances. These two cases are used as more or
less average-technology case studies. The same
rationale applies to the other case studies summar-
ized in Tables IX and X but not shown in detail here.

Renewable flows to bioethanol production from
corn {Table VII) account for about 15.3% of the total
emergy driving the process. They can be identified as
the rain driving the agricultural phase and the wind
dispersing the pollutants that come out of the
industrial step. Electricity and fuels (including coal)
account for about 17.4%, goods and machinery for
42.6%, while labor and services represent 24.7% of
the total emergy input. Goods and machinery are
therefore the main emergy input to the process, due
to the environmental support embodied in their
manufacture from raw materials.

Environmental flows as well as labor and services
are not included in the conventional energy account-
ing, therefore a comparison between EEA and EMA
requires the percentages be calculated taking these
flows out of the total emergy. In so doing, fuels
and electricity come out to be respectively the 29%
of total emergy and the 43% of total energy,

. ~
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while goods and machinery account for 71%
of toral emergy and 55% of total energy. This means
that EEA overestimates the role of direct energy
inputs and underestimates the role of energy flows
embodied in goods and machinery. A similar
calculation can be performed for the wind turbine
by using data presented in Table VIIL. As far as
wind plant is concerned, it can be noted that
wind emergy accounts for about 82% of the tortal
emergy input, while labor and services (4%) and
goods and machinery (14%) play a much smaller
role. A comparison with energy data is less sig-
nificant here, since no direct energy inputs are
required. It is crystal clear that EMA offers a more
comprehensive picture of the whole process by
taking into account the hidden environmental flows
that support a given process and by evaluating their
role on the scale of the biosphere, where they are
compared by means of a common measure of
environmental quality.

4.3.2 Embodied Energy Performance Indicators
The EEA results are synoptically shown in Tables IX
and X. The EROIs of electricity generation range
from a low 0.30 of the oil-powered plant to a high
23.7 of the hydroelectric plant. The geothermal and
wind conversions also show high energy returns
(respectively 20.7 and 7.7), while the OTEC plant
only shows an energy return equal to 3.8, due to the
low thermal gradient between deep and surface
water temperatures. Similarly, Table X shows EROIs
in the range 0.24 to 6.1 for energy carriers different
than electricity (bicethanol and hydrogen). As
expected, the lower value refers to hydrogen
production via electrolysis with electricity generated
by an oil-powered, thermal plant similar to the one
described in Table IX. Instead, the highest EROI is
shown by hydrogen generated via electrolysis by
means of wind-powered electricity.

The net CO- release shows similar patterns, with
higher values when direct fossil fuel combustion is
involved and lower values when renewable sources
drive the process, as expected. In the latter case, only
indirect emissions can be calculated, linked to fuel
use for the production of components and for
machinery construction and operation. The surpris-
ing high emission from geothermal electricity is due
to the CO, content of geothermal fluids.

The better performance of processes driven by
renewables is clearly due to the fact that the EROI
compares only commercial energies (i.e., calculates
the ratio of the thermal energy delivered to the fossil
or fossil equivalent energy that is provided to the
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TABLE VII

Emergy Analysis of Bioethanol Production

Unit emergy values

Solar emergy

Item Unit Amount (unit/hayear) (seJ/unit) Ref. for UEV (se]/ha"year)
Agricultural phase (corn production)
Renewable inputs
Sunlight ] S.50E+13 1.00E + 00 1] 5.50E+13
Rain water ] 3.07E+10 3.06E+04 {21 9.39E + 14
(chemical
potential)
Earth cycle ] 3.00E+10 1.02E+ 04 2] 3.05E+14
Nonrenewable inputs
Organic matter in ] 3.24E+09 1.24E+05 [2] 4.02E+ 14
topsoil used up
Nitrogen fertilizer g 1.69E+ 05 6.38E+09 [2] 1.08E+15
Phosphate g 8.20E+04 6.55E+09 [2] 5.37E+14
fertilizer
Insecticides, g 5.38E+03 2.49E+10 [3] 1.34E+ 14
pesticides, and
herbicides
Diesel ] 6.67E+09 1.11E+05 2] 7.40E+14
Lubricants ] 1.64E + 08 1.11E+05 2] 1.82E+ 13
Gasoline ] 3.00E+00 1.11E+05 [2] 3.33E+05
Water for ] 1.36E+09 6.89E + 04 [3] 9.37E+13
irrigation
Electricity for ] 2.00E + 09 2.52E+035 4] 5.04E+14
irrigation .
Agriculrural g 1.36E+04 1.13E+10 (3] 1.53E+14
machinery
(mainly steel)
Seeds g 1.62E+04 5.88E+04 [7] 9.53E+08
Human labor vears 1.30E-02 6.32E+ 16 [6] 8.21E+14
Annual services uss 8.90E+02 2.00E-+12 [6] 1.78E+15
Additional inputs for harvest of 70% residues to be used as process energy
Nitrogen in g 7.88E+ 04 6.38E+09 2] 5.03E+14
residues harvested
Phosphate in g 1.82E+04 6.55E+09 [2] 1.19E+14
residues harvested
Diesel for residues ] 9.03E+03 1.11E+05 2] 1.00E +09
Machinery for g 2.59E+03 1.13E+10 [3] 2.92E+13
residues
Labor for residues years 1.39E-03 6.32E+16 [6] 8.78E+13
Additional services S 8.90E + 01 2.00E+12 [6] 1.78E+14
Industrial phase (conversion of corn to bioethanol)
Renewable inputs for the dilution of airborne and waterborne pollutants
Wind i 2.20E+11 2.52E+03 [2) 5.54E+14
Nownrenewable inputs
Diesel for ] 6.76E+08 1.11E+ 035 [2] 7.50E+13
transport
Transport g 1.22E+04 1.13E+10 [3] 1.37E+14
machinery
(mainly steel)
Plant machinery g 4.41E+04 1.13E+10 [3] 4.96E+ 14

(mainly steel)

continues
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Item Unit Amount (unit/ha’year)  Unit emergy values Ref. for UEV Solar emergy
(se}/unit) (seJ/ha year)

Cement in plant g 7.84E + 04 3.48E+09 (5] 2.73E+14
construction

Additional coal for ] 8.10E = 07 6.72E+ 04 2] SA4E+12
hot water/steam
generation

Process electricity ] 1.41E+09 2.52E+05 [4] 3.55E+14

Process and ] 7.99E+07 6.89E+ 04 [3] 5.50E+12
cooling water

Gasoline J 4.89E + 08 L11E+03 2] SA2E+13
denaturant

Ammonia g 3.56E+01 6.38E + 09 2] 227E+11

Lime g 9.27E+00 1.68E 09 2] 1.56E~ 10

Electricity running ] 4.35E+07 2.52E+05 [4] 1.10E~13
the waste water
treatment plant

Labor vears 1.68E-03 6.32E+16 [6] 1.06E+14

Annual capital Us s 2.22E+02 2.00E+12 {6] 444E+14
cost and services

Main product of industrial phase

Ethanol produced, ] 5.65E+10 1.28E+05 7] 722E+15
withour services

Ethanol produced, ] 5.65E+10 1.73E+05 [7] 9.78E+ 15

with services

process). Energies that are not purchased, burt instead
are provided for free by nature (e.g., the solar energy
driving the wind or the solar energy that drives the
photosynthesis for corn production) are not ac-
counted for by EEA and therefore are not reflected
in the EROI or in the CO, release.

4.3.3 Emergy-Based Performance Indicators
A series of emergy performance indicators are given
in Tables IX and X for selected energy conversion
devices. Some of these processes, driven by intensive
use of primary nonrenewable resources, are second-
ary energy conversions, while others (wind, hydro
and geothermal) should be considered primary
energy exploitation patterns. Their values can be
usefully compared to those of the primary fuels (oil,
coal, natural gas) shown in Table X. Electricity
generation in Table IX shows transformities that are,
as expected, process specific and range from the low
value of about 1.1 x 10° seJ/J for hydro- and wind-
electricity up to much higher values around
3.5 x 10° seJ/J for geothermal and oil-powered elec-
tricity. The role of labor and services in these
processes can be quantified as about 5 to 10% of
the transformity. This means that the main contribu-

tions to any electricity generation process are the
driving forces of fuels or renewable sources, followed
by the emergy associated with plant components. As
a consequence, a significant lowering of the total
emergy demand cannot be expected by simply
moving the plant to countries with lower cost of
labor, as has become very common with goods
production. The OTEC plant combines very small
inputs in the form of solar energy via the temperature
gradient of the oceans and technological equipment
and, instead, a significant input in the form of
financial investment, labor, and services, to which a
huge emergy is associated. This makes this plant too
dependent on nonrenewable, purchased emergy
inputs, very high compared to the locally available
renewable flow. The transformity of OTEC electri-
city is around 1.7 x 10° seJ/J, but declines by more
than one order of magnitude when labor and services
are not accounted for.

Transformities of energy delivered in the form of
energy carriers other than electricity (Table X) show
similar orders of magnitude. Hydrogen from water
electrolysis shows higher or lower transformities
depending respectively on oil- or wind-generated
electricity. Hydrogen from steam reforming of
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TABLE VvIII

Emergy Analysis and Environmental Accounting

Emergy Accounting of Wind Electricity Production in Italy”

Solar emergy

Item Unit Amount Unit emergy value (seJ/unit)  Ref. for UEV (se])
Direct renewable inputs
Wind ] 4.85E+13 2.52E+03 (2] 1.22E+17
Nonrenewable and purchased inputs
Concrete (basement) g 5.62E+06 2.59E+09 (1] 145E+16
Iron (machinery) g 2.65E+05 2.50E+09 {2] 6.63E+14
Steel (machinery) g 8.61E+03 5.31E+09 [2] 457E+15
Pig iron (machinery) g 1.56E+05 5A43E+09 [2] S47E+ 14
Copper g 8.76E + 04 3.36E+09 [3] 294E+14
Insulating and miscellaneous plastic marterial g 1.01E+04 2.52E+09 [4] 2.55E+13
Lube oil ] 3.10E+09 1.11E+05 [3] 344E+14
Labor vears §.33E-02 6.32E+16 [6] 526E+15
Services uss 2.94E+01 2.00E+12 [6] 5.88E+13
Electricity generated
Electricity, with labor and services ] 1.35E+12 1.11E+03 [7] 1.49E+17
Electricity, without labor and services ] 1.35E+12 1.06E - 035 7] 1.44E+17

"Data on a vearly basis; 2.5 MW plant sited ar Casone Romano, Foggia, Iraly.

References for transformities (Tables VII and VIII):
] Brown and Buranakarn (2003).

] Bargigli and Ulgiati (2003).

] Lapp (1991).

] Average estimate based on selected case studies.
] Odum (1996).
1u
]

N
6] Ulgiati (2003).

From calculation performed in this work.

[
[
[
[+
[
(
(7

natural gas shows a relatively low transformity.
Unfortunately, only the value without services was
calculated in the steam-reforming case study. How-
ever, since steam-reforming is a well-known technol-
ogy, not particularly labor intensive, a dramatic
increase of its transformity should not be expected
when adding the emergy value of labor and services.
The comparison with the transformities of primary
sources in Table IV clearly shows that transformities
depend on the length of the manufacturing chain.
More process steps require more emergy inputs and
may decrease the actual energy delivered at the end
of the chain. Oil, coal, natural gas, hydro- and wind-
electricity, and hydrogen from steam reforming all
show transformities on the order of 10%se]/].
However, when technologically heavy steps are
added to further process the primary energy source,
transformities grow by an order of magnitude to
10°se]/]. It can be clearly understood

electricity from oil were used to refine mertals,
transformities would become even greater.

that if
bioethanol were used to generate electricity or if

The other emergy indicators complement this
picture, by showing low EYRs for oil-powered and
OTEC electricity as well as for bioethanol and
hydrogen from thermal electricity. Not surprisingly,
all the other energy conversions have EYRs around
5. Similarly, high ELRs characterize oil-based pat-
terns, as well as bioethanol and OTEC electricity,
while very low ELRs (below 1) are shown by the
processes relying to a larger degree on renewables. As
a consequence, the aggregated sustainability measure
expressed by the EIS ranges from a low 0.06 for oil-
based processes up to a significantly high 25 for
wind-based ones. Again, the OTEC plant shows a
very low performance, quantified by an EIS lower
than 0.01. However, let’s recall that the evaluation of
OTEC is based on a feasibility study and not on an
actually existing plant.

4.3.4 Comparison of EEA and EMA Results
Results presented in Tables IX and X allow further
considerations in addition to the already discussed
features of the two approaches. Both EEA and EMA



TABLE X

Energy and Emergy-Based Indicators for Selected Nonelectric Energy Carriers

Hydrogen from Hydrogen from Hydrogen from
Biocthanol from water clectrolysis water electroly steam reforming of
Item Unit corn” {oil _ucin_.c&\. (wind _.,.cin_.ﬁ_% natural gas®
Energy indicators
Fou Total energy delivered per year Jiyear 5.65L 10 1.89E -+ 16 1LOSE - 13 6.32E - 15
Ein Total energy invested per year Jiyear 3778+ 10 7.84E 4 16 1776+ 12 8A8E 15
GWP CO; released/unit of energy delivered? g/M] 52.05 323.56 12.78 100.96
ER Energy return on investment {energy output/input) 1.50 0.24 6.10 0.77
Emergy indicators
R, Renewable input from the local scale se}lyear 9.37E + 14 3435420 1.22FE 4 18
R, Renewable input from the global scale® sejlyear 1.08E- 1.73E+ 21 0.00E -+ 00
N Locally nonrenewable input’ se]lyear 4.02F 0.00E-1- 00 0.00E 00
F Purchased plant inputs, including fuel selyear 5.33E $5.70E+-21 212E 417 6.69E +4- 20
L Labor and services® se]fyear 3.65E 5.48E420 6.85E+16
Y Yield (Ry -+ Ry + N+ F), without labor and services se]lyear 7.75L 7.77E 4 21 {.43E--18 6.69E -+ 20
Y. Yield (R + Ry ++ N+ F L), with labor and services selyear 1141 8.321 - 21 1.50E+18 6.69E - 20
Indices (including services for fuel supply and plant manufacturing)
Try Solar transformity of product, with labor and sejl] 2.02E 4.40E4-05 1.39E 405
services
Tr, Solar transformity of product, w/out labor and sejl) 1L.37E 405 4. 11E 05 [.33E4- 05 1.06E -- 05
services
EYR Emergy yield ratio, EYE = (Y J/(F - L) 1.27 .33 5.36
ELR Environmental loading ratio, 1116 23.26 0.23
FLR = (R + N+ F+ L)/R,
ED Emergy density, ED = (Y )/area of plant sej/m* LI2E 12 YRS 203E412
EIS EYR/ELR 0.11 0.057 23.41

“Ulgiati (2001), modified. Use of agriculeural residues as source heat and an energy credit for coproducts (DDGS) accounted for.

b Galculated in this work. Performance coefficients for oil and wind powered electricity production from Table 11, Water electrolysis performance characteristics from Bargigli et al.
(2002).

“Bargigli et al. (2002). Only the step of hydrogen generation has been investigated, therefore emergy costs may be underestimated. Since this step has not direct environmental inputs,
the environmental loading ratio and other indicators cannot be calculated.

4 Global warming potential (GWP), includes direct CO; release from fuel combustion, indirect CO; release embodied in inputs, and (for geothermal plant only) CO, from underground
water, released through the cooling towers

“Indirect environmental inputs from the larger scale, needed to dilute hear and chemicals that are released by the plant.

Mncludes only locally extracted fuel delivered to plant, as well as underground water and topsoil used up (if any).
#Labor accounts for hours actually worked in the investigated process. Services include human labor in all steps prior than plant use, quantified as the emergy associated to the
monetary cost (cost of item, $§, x country emergy/GNP ratio, se]/$).



TABLE IX

Energy and Emergy-Based Indicators for Selected Electricity Power Plants

Oil plant Wind Geothermal OTEC Hydro
Ttem Unit (1280 MWe)* (2.5 MWe)! (20 MWe)” 4.57 MWe" (85 Mwe)”

Energy indicators

Eour Total electric energy delivered per year Jlyear 3281 14 1LI9E - 14 3.94E -+ 14

Ei I energy invested per year Jlyear 1.58E-+13 32E413 1.66E 13

GwWP CO; released/unit of energy delivered” a/M] 182.32 20.43 3.29

ER Energy return on investment (energy output/input) 20.76 3.82 23.73
Emergy indicators

R Renewable input from the local scale se]lyear 3431420 1.22E 4 18 S5.63E-+19 FA3E-H17 41419

R, Renewable input from the global scale? sellyear 1.72E4- 21 0.00E 00 2.64L -+ 19 0.00E 00 0.00F -+ 00

N Locally nonrenewable input se}lyear 0.00E -+ 00 0.00E -+ 00 7.74E 4+ 18 0.00E + 00 7475418

F Purchased plant inputs, including fuel se]lycar 571821 2135417 1.5SE+ 19 7.73E 4.42E+ 18

L Labor and services” se]lyear 5.36E 420 533+ 16 4.17E418 1.95E 3.73E - 18

Y Yield (Ry -+ Ry -+ N+ F), without labor and services selyear 7.78E + 21 1.44E 418 1.06F + 20 8.85E 4.03F + 19

Y. Yield (R + Ra+4 N+ F+ L), with labor and services seffycar 8.32E 21 1.49E 4 18 LI0OE + 20 2.04F 4.40F + 19
Indices (including services for fuel supply and plant manufacturing

Try Solar transformity of electricity, with labor and services sejl) 3.54E 405 110K 405 3.35E+05 1.71E 405 1LI2E 408

Try Solar transformity of electricity, w/out labor and services sejf] 3.31E 405 LLOGE 05 3.23E 405 7.44E 403 1.02E 405

EYR Emergy yield ratio, EYR = (Y )/(F 1) 1.33 5.59 5.60 1.01 S5.41

ELR Environmental loading ratio, ELR = (R -+ N+ F-- L)Y/R, 23.26 0.22 0.96 180.00 0.55

ED Emergy density, ED = (Y} Jarea of plant Af,cw\:_N 4.33E+ 15 212K+ 12 3.54E -+ 14 na. 2.84L - 13

EIS EYR/ELR 0.057 25.64 5.87 0.006 9.84

n.a., not available.
“Brown and Ulgiati, 2002, modified.
"Data from H. T. Odum (2000b), partially modified by the authors.

N

“Global warning potential (GWP), includes direct CO; release from fuel combustion (if any), indirect CO, release embodied in inpurts, and (for geothermal plant only) CO, from

underground water, released through the cooling towers.

ndirect environmental inputs from the larger scale, needed to dilute heat and chemicals that are released by the plant.

“Includes only locally extracted fuel delivered to plant, as well as underground water and topsoil used up (if any).
Tabor accounts for hours actually worked in the investigated process. Services include human labor in all steps prior than plant use, quantified as the emergy associated to the

monetary cost {cost of item, $, x country emergy/GNP ratio, se)/$).



calculate bad performance indicators for oil-based
energy systems. EEA simply indicates that the ability
of the investigated devices to operate the conversion
chemical energy to work is low, as expected for any
engine subject to the second law and the Carnot
factor. EMA adds an indication of poor sustainability
in both the global dynamics of the economy and the
biosphere. The same consideration applies to the
investigated bioethanol from corn. In this case,
however, EEA indicates a small thermal energy
return, which supports several claims of bioenergy
supporters in favor of increased use of photosynth-
esis for energy. On the other hand, EMA jointly
evaluates the environmental work diverted from its
natural pattern in order to provide free renewable
inputs, to replace fertile soil eroded by the intensive
tilling, to supply fuels, goods and machinery, to
support labor and services, and concludes that the
global sustainability of this product is so low that it
cannot be usefully pursued as an alternative energy
source.

Much lower environmental work is required to
deliver energy via hydro- and wind-powered tur-
bines, which simply means that less environmental
activity is diverted from its original patterns to
provide electricity to the economy. This ensures that
these technologies are not withdrawing too many
resources from the global biosphere dynamics.
Renewable energies (sun, wind, rain and deep heat)
already have a role in nature’s self-organization
processes, so that diverting to much of them to
support an economic process reduces their input to
other natural processes. EEA assigns a more favor-
able energy return to hydro- than to wind-electricity,
while EMA-based sustainability is much greater for
wind conversion, due to equal EYRs and much lower
ELR of wind compared to hydro.

Geothermal energy return is surprisingly high
according to EEA, since the huge amount of deep
heat (high-quality flow) is not accounted for as an
input. EMA indicators still suggest a good perfor-
mance for geothermal electricity, but the fact that a
large fraction of high-quality deep heat is dispersed
increases the transformity of the output. In addition,
the load on the environment due to the release of
chemicals extracted with the underground fluid
increases the ELR and decreases the global EIS of
the process. None of these considerations could be
obtained by the traditional energy analysis.

A final remark about OTEC is also illuminating.
The process was evaluated as a net energy supplier
according to EEA, due to an energy return equal to
3.8. However, this favorable result cannot be
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obtained without supplying a significant amount of
resources in the form of capital, labor, and services.
These resources, generated by previous investment of
primary emergy sources, decrease the global sustain-
ability of the process to values that make its viability
very unlikely, more than its actual feasibility.

4.3.5 EEA and EMA: Scale and Energy Quality
Emergy analysis and embodied energy analysis treat
the conceptual issues of scale and quality of energy
very differently. From these differences, significant
discussion has arisen over the years (see, for instance,
the article in Ecological Economics titled “Embodied
Energy Analysis and Emergy Analysis: A Compara-
tive View” by Brown and Herendeen). In the
following discussion, two important issues are eluci-
dated: temporal and spatial scale, and energy quality.

4.3.5.1 Issues of Scale It should be kept in mind
that EEA and EMA have different windows of
interest {(although they also share several common
features) and therefore are used to investigate
different questions about a given process.

In particular, EEA provides a measure of the
overall commercial (oil equivalent) energy invested
to support a production process. Its outcome is the
amount of oil equivalent energy required to drive a
process or to generate a product. Its spatial scale is
the actual scale of the process, although it may in
principle include the spatial scale of the previous
commercial processes from which the input flows
came from (for instance, if a mineral from a faraway
country is fed to the process, transport must also be
accounted for). Its timescale is the time required to
extract the raw materials and to actually make the
product. In principle, time is only accounted for in
order to calculate the fraction of embodied energy of
assets and machinery that are used up in the process
and that therefore should be assigned to the product.
Since machinery and assets have little embodied
energy relevance, this time and the related amount of
assets are often disregarded by EEA analysts.

Instead, the outcome of EMA is a quantification
of the environmental support provided by nature to
a process, which may be or may be not under human
control. The spatial scale of EMA is larger than
the actual scale of the process, since the evalua-
tion also includes free environmental flows from -
the larger scale of the biosphere that are not accoun-
ted for in energy analysis. In a similar way, the EMA
timescale is the total time it took to make a resource
via all natural processes involved (generation of
minerals, fossil fuels, topsoil, water storages, etc.):
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embodied in the transformity of a resource is the
global environmental input required over space
and time to drive the geological and biosphere
processes, which converge to build a resource storage
or to support a resource flow. Emergy-based indica-
tors therefore have a built-in memory of the process
history—that is, the real “trial and error” pathway
that was followed by environment and humans
to generate the product, including those pathways
discarded by natural selection for maximum power
output. The latter sentence may not completely
apply to short timescale of technological processes
and human economies, but results can be managed
in such a way as to take into account the fur-
ther uncertainty related to patterns that are not
vet optimized.

4.3.5.2 Issues of Quality Energy has been defined
as the ability to do work, based on the physical
principle that work requires energy input. Energy is
measured in units of heat, or molecular motion, the
degree of motion resulting in expansion and quanti-
fied in degrees of temperature. All energies can be
converted to heat at 100% efficiency; thus, it is
relatively easy and accurate to express energies in
their heat equivalents. The basic units of energy are
the amount of heat required to raise a given amount
of water a given number of degrees of temperature.
Thus, the calorie is the amount of heat required to
raise 1cm® of water 1°Celsius. A joule is equal to
4.187 calories.

Heat-equivalent energy is a good measure of the
ability to raise water temperature. However, it is not
a good measure of more complex work processes.
Processes outside of the window defined by heat
engine technology do not use energies that lend
themselves to thermodynamic heat transfers. As a
result, converting all energies of the biosphere to
their heat equivalents reduces all work process of the
biosphere to heat engines. Human beings, then,
become heat engines and the value of their services
and information is nothing more than a few
thousand calories per day. Obviously, not all energies
are the same and methods of analysis need reflect this
fact.

Different forms of energy have different abilities
to do work, not only in terms of amounts of work
but also in terms of kind of work. It is therefore
necessary to account for these different abilities if
energies are to be evaluated correctly. A joule of
sunlight is not the same as a joule of fossil fuel or a
joule of food, unless it is being used to power a steam
engine. Sunlight drives photosynthesis. A system

organized to use concentrated energies like fossil
fuels cannot process a more dilute energy form like
sunlight, joule for joule. Evaluation of energy sources
is system dependent. The processes of the biosphere
are infinitely varied and are more than just thermo-
dynamic heat engines. As a result, the use of heat
measures of energy that can only recognize one
aspect of energy, its ability to raise the temperature of
things, cannot adequately quantify the work poten-
tial of energies used in more complex processes of the
biosphere. As in thermodynamic systems where
energies are converted to heat to express their
relative values, in the larger biosphere system as a
whole energies should be converted to units that span
this greater realm, accounting for multiple levels of
system processes, ranging from the smallest scale to
the largest scales of the biosphere, and accounting for
processes other than heat engine technology. The
ability of driving processes other than engine-like
ones is a new quality aspect of resource flows, which
is accounted for by emergy analysis.

Net energy evaluations of energy sources and
transformation processes are designed to provide
information concerning efficiency and potential yield
under the engine-like point of view cited previously.
This is something that energy analysis does appro-
priately. It is able to offer at least two different
results:

1. As embodied energy analysis, it provides a
measure of the commercial energy cost of a product
(M] or grams of oil equivalent per unit of product).
When the product is energy, this measure is better
expressed as EROI (joules of energy delivered per
unit of energy provided to the process).

2. As exergy analysis at the process scale, it
provides a measure of thermodynamic efficiency,
indicates possible optimization patterns, and finally
ranks the quality of the product from the user-side
point of view.

Neither of these two energy analysis patterns is
able to provide any significant insight into the quality
of each input and output flow in the larger scale of
the biosphere, as pointed out earlier. Neither of them
takes into account the role of the environmental
work supporting both ecosystems and human socie-
ties, in particular the role of unmonied inputs
provided by nature to human economies. This is
something that requires a scale expansion and a
change of perspective, from local to global, i.e., the
emergy approach.



5. SUMMARY

This article is a brief synopsis of the emergy
accounting methodology. Emergy-based case studies
of energy conversion systems are presented to allow
both an increased understanding of how the method
is applied as well as a critical comparisons with
embodied energy analysis. Much like a short
intensive course given in a limited time frame, this
article has touched on what is most important. There
is much literature explaining the theory and concepts
of the emergy approach as well as applications of the
method to a large number of case studies, ranging
from ecosystems to socioeconomic systems, tO
evaluations of the biosphere, including energy
processing, agriculture, industry, tourism, waste-
water management, recycling patterns, generation
and storage of culture and information, development
of cities as emergy attractors, and scenarios for
furure societal development. References to emergy
literature are given throughout. Starting on 1999, an
international emergy conference takes place every
other year. The books of proceedings of the first two
emergy conferences provide a significant set of
theoretical and applied papers for further reading.
In all cases, the common thread is the ability to
evaluate all forms of energy, materials, and human
services on a common basis by converting them into
equivalents of one form of energy, solar emergy, a
measure of the past and present environmental
support to any process occurring in the biosphere.
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