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Abstract

Humankind faces the most serious challenge ewrstainable development. A new paradigm based on respect

of nature and awareness of natural mechanisms is needed. The concept of exergy and exergy based methods
offers a unique potential to suppdinis. Applications to real problems and possible solutions are presented and
applied to living systems and the process of sustainable development. In particular, implications onathe educ

tional systems are addressed.
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Introduction created a world of prosperity, but also of poverty.
The world has brought us together, but also apart
The evolution of knowledge is essential to human  and away from nature. We face a future of threats
cultures. Every human culture carries a unique and limitations, but also posdlibes. These cha
cultural paradigni the soil forknowledge to grow lenges demand careful and responsible actions from
and flourish. The diversity of cultures in our world everyone, based on a better understanding together
is essential to the evolution of human knowleidge with moral obligations.
our creative diversity. This diversity is the Wwel The ongoing depletion of na

spring of our progress and creativity.

Present focus must be on relationships; betwe
humans and with nature. Today these relationships
are too often characterized by greed and violence
fostered by the present cultural paradigm, oo-arr
gance and ignorance instead of friendship amd-co
passion. This must change into a culture of peace.
Peae within us, peace among us and peace with
nature are essential for happiness, harmony and
knowledge to flourish.

We, the people of the world, are also children of
Earth with a common goal to care for life itself. We
were given intelligence, emotions apdssibilities,

but also responsibilities.With these gifts we have

come to an end before it is too late. Values are lost
and substaces are spread in the environment when
naturebds capital is exploite
economies. The physical conditions in nature
change and create instability. New life forms that
are better fitted to these new conditions will appear,
i.e. survival d the fittest Some of these new onga
isms will not support present higher forms of life,
e.g.homo sapiendiNe see this as new diseases. The
bird flu virus (H5N1) and the receft. coli bacteria
(EHEC) outbreak in Europe are just but examples
of an ongoig creation of new organisms that will
go on as long as suitable conditions are offered.
Thus, present industrial society is fertilizing its own
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extinction. The only solution to sustainable deve
opment for humankind is to restore and preserve
nat ur ed.sThiscemfprces a new paradigm
based on increasing the capital of nature instead of
exploiting it. Present technology and socialrma
agement are founded, to a large extent, on the
knowledge offered by science. Yet it is precisely
these structures and th@npact, which we know to

be unsustainable. This implies tremendous efforts
by the academia, which gradually adopts the new
situation. In some areas of science this even relates
to a complete change of paradigm. Science is partly
the problem as well as art of the solution for a
sustainable development.

2. Nature

Nature is the only creator and holder of life, as far
as we know. From our understanding there are
some fundamental conditions that maintain this
unique capacity of nature.

2.1. Contrast,Motion, Exergy, and Time

In order for things to happen, i.e. motion to occur,
there must be a driving force: something that can
create action. A force is created by a difference in
space of some kind, i.e. a contrast. This is aiphys
cal quantity such as ngperature, pressure ornte
sion. When this force, due to a contrast, is acting, it
is also partly lost as irreversibility. This depletion is
the creator of time. Thus, by allowing a contrast
enclosed by the thredimensional space to act, a
new fourth dimesion is created, i.e. time.

Exergy is the physical concept of contrast, which
quantifies its power of action. A system in complete
equilibrium with itself and the environment does
not have any exergy, i.e. no power of action. rExe
gy is defined as work, i.@rdered motion, or ability

to perform work. Time is experienced when exergy
is destroyed, i.e. a irreversible process, whida cr
ates a motion in a specific direction, i.e. in the d
rection of time.

The limited speed of light is also of essentiakl i
portarce for the life support systems. If light could
move at infinite speed, the sun could, in principal,
release all its stored exergy immediately, thus, there
would be no time for life to appear. The light from
other stars in the universe brings also wittihi¢
history, due to the limited speed of light. When we
look into space, we look into the history of the
universe. The border of the universe gives us its
time of birth, or the s@alledbig bang perhaps the
birth of time.

2.2. Energy, Matter, Exergynd Entropy

Energy and matter cannot be created, destroyed,
produced or consumed. Energy and matter can only
be converted into different forms. This occurs by

the consumption of contrast. Locally, the contrast

may increase, but this can only occur at thgemse

of an even greater deterioration of the contrast
elsewhere. On the whole it is a question of cantin
ous deterioration of contrast, thus, pointing out the
existence and direction of time, see Figure 1.
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Figure 1. The flow of energy and matter thghua sg-
tem.SourceAut hor 6s own wor k.

Energy and/or matter flow through a system. The
motive force of the flow of energy and/or matter
through the system is the contrast or the level of
order. Energy and/or matter are falling from high
order, i.e. lowentropy, in the inflow into low order,
i.e. high entropy, in the outflow. This is als@-e
pressed as a destruction of exergy, see below (Wall
1977 & 1986).

Energy and matter only serve as carriers of contrast,
which is partly consumed when it flows through
system. When energy and matter flow through a
system, a very small part of this may sometimes be
stored in or removed from the system. If there is a
balance between inlets and outlets of energy and
matter, the system will remain unchanged, a kind of
steady state that is described in Figure 1. Such
steady state systems are the moon and a car. The
moon offers us moonlight and a car is a mean of
transport, however, the systems remain in principal
unchanged.Table 1 summarizes some thermed
namic differencebetween energy and exergy.

Table 1. Energy versus Exerg$ource:Aut hor 6s
work.

Energy Exergy
The first law of thermog | The second law of thern
namics dynamics

Energy is motion or ability
to produce motion.

Exergy is work, i.e. o
dered motion, oability to
produce work.

Energy and matter ihe
same thing

Exergy and informatiohis
the same thing

Energy is always ao
served, i.e. in balance; it
can neither be produced
nor consumed.

Exergy is always conserv
in a reversible process, bl
reduced in an irreversible
process, i.e. real processeé
Thus, exergy isever in

balancefor real processes

Energy is a measure of

guantity.

Exergy is a measure of
guantity and quality.

*as defined in information theory (Tribusl961;, Wall

1977 & 1986).

If exergy is stored in the system we may have a

viable state, i.e. life maylourish. Logic would

suggest therefore that the existence of life and the
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evolution of life imply that exergy fronthe sun space contrast is stored as an increase of the exergy

must be stored on Earth. capitalon Earth. This appears as a-fletv of un-
wantedsubstances from the biosphere into thie-lit

2.3. Earth, the Sun and Space osphere as well as a redistribution of otheb-su

The source of exergy on Earth is secured from the stances in the environment, e.g. oxygen to the a

contrast between the sun and space, see Figure 2. mosphere. Thus, the exergy capital on Earth is

The exergy on Earth exists through the conversion increasing, whichisa key factor in natu
of energy from sunlight into heat radiatiomhich of evolution.

flows from Earth back into space. Due to this, all

flows of energy and matter are carried forward 3. Society

through systems on Earthés surface, and I|ife can be
created and maintained. Present industrial society, is built on an unsustain

ble resource use, see Figure 4. Fossil fuels and
metals that originate from deposits of minerals in
the lithosphere are unsealed and spreaderetv-
ronment, which is exactly the opposite of what is
done by nature (Figure 3). This is obviously not
sustainable, at least not for a very long time- R
source depletion and environmental destruction are
two consequences of the use of deposits. In &dlos
systemnothing disappears and everything disper
eswhich state that these substances will unaaroid
bly end up in the environment.

Figure 2. The SutarthSpace systenbource:Aut hor 0s === ===—m—m e e —mm e — e ———— o
own work. 1 1

! ]
2.4. Life - !
Life in nature relates to three fundamental preees 1 Society!
es: production, consumption, and decomposition. . CRE PR e s o
These maintain the circulation of energy and matter “Natural” Waste
in the biosphere by using the incoming sunlight in a resources
sustainable and evolutionary way, see Figure 3. ;

Deposits
\\iunhght Figure 4.Soci ety depletes natureds

wasteSourceAut hor 6s. own wor k

Production Consumption
In Figure 5, we see how thesource use in the
» “w society is maintained. The greater part of the exergy
Nutritious requirements are utilized from the terrestrial exergy

matter Decomposition stocks, i.e. funds and deposits. Only a very small
\ ) part of the natural exergy flow from the sun is used
“Unwiitited® sibstiices directly. Through socigtwe see an almost contin
v ous exergy loss. Some exergy flows, such as flows
Deposits of metals, initially increase their exergy when gas
ing through society. However, other flows decrease

Figure 3. The circulation of energy and matter in the their exergy all the more. A tank, which contains
biosphere powered by sunligfource:Aut hor 6s oenfunds and the depositsdicates the limited
work. amount of exergy stocks or capital on Earth. As
long as the levels are kept stable, i.e. the output of
resources does not exceed the input from the sun
and the biological processes, then we havesa su
tainable situation. However, ifié level is dropping,

i.e. the exergy capital is depleting then we have an
unsustainable situation and unwanted substances
will contaminate the environment. As long as these
substances are under control this may not beia ser
ous problem. Large amount oftmiances areca

Green plants, which represent the productioo- pr
cess, convert exergy from sunlight into the exergy
rich matter of biomass, via photosynéie The
exergy as biomass then passes through different
food chains in the ecosystems. At every trophic
level exergy is consumed and decomposition mrga
isms dominate the last level in this food chain.
There is no waste, however a removalbofvanted
subsances. Nature operates a unigue machinery of : : :
development on Earth by capturing and sealing cumulated in the society as constructions, e.g.

certain substances into deposits of minerals into buildings and machines, and, as long as these r

Earthoés crust. A fractio nma'{)' fthelh%bétang @?yﬁgyt m?ugngeﬁhe erﬁv sun
ronment. However en t are allowed ®
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compose some of them may pose a serious threat,
e.g old nuclear, chemical, and biological arms that
are not safely stored or destroyed. This also relates
to harmful substances that are accumulated by a
purification system, e.g. used filters and sediments
from sewage treatment works, cyclone separators
and scrubbers. However, human constructions and
buildings will not last forever. Sooner or later they
will deteriorate and their substances will end up in
the environment. Thus, environmental pollution is
an inevitable consequence of the use of deposits.
The depletion of the resource may not be the most
serious problem, but rather the emission of ypoll
tant and unwanted substances into the environment.
The use of fossil fuels inevitably leads to a buildup
of carbon dioxide in the atmosphere with severe
impact o the climate. The concern for an eventual
lack of nonrenewable resources must be combined
by a similar concern for the environmental impact
and its consequences from the emission of these
substances. Presently, only nature offers ttee m
chinery to put thee substances back into the dith
sphere (Figure 3). However, the present damage
may take nature millions of years to repair, and in
the meantime there will be a serious impact on the
living conditions for all forms of life.
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e Exergy Flow in
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Figure 5.Exergy flows to thesociety.Source:Aut hor 6 s

own work.

Figure 6 shows the exergy flow in the society in
more detail, in this case the main conversions of
energy and materials in Sweden in 1994 (Gong &
Wall, 2001). The situation is more or less the same
today. The flows go from the resource base to the
consumption sector. Thus, the diagram basically
represents the resource supply sector where r
sources such as crops and minerals are turned into
consumer goodsuch as food, transport and thermal
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comfort. The inflows are ordered according to their
origins. Sunlight is thus a renewable natural flow.
Besides a minor use of wind power, far less than 5
PJ, this is the only direct use of a renewable natural
flow. Harvested forests, agricultural crops, and
hydropower are renewable exergy flows derived
from funds. Iron ore, nuclear fuels, and fossil fuels
are flows from deposits, which are exhaustible and
also carry with them toxic substances. The unfilled
boxes represe exergy conversions, which in most
cases represent a huge number of internal genve
sions and processes. The total inflow of resources
during 1994 amounts to about 2720 PJ or 310 GJ
per capitaand the net output becomes 380 PJ or 40
GJ per capita Thus, he overall efficiency of the
supply sector can be estimated at less than 15%. As
we can see, some sectors are extremely inefficient.
Some resource conversion systems have auridic
lously poor efficiency. For nuclear fuel to space
heating through short cirduheaters the utilization
becomes less than 0.025% (Gong & W2{01).
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ﬁgure 6. Exergy use in the Swedish society in 1994.
SourceAut hor 6s own wor k.

SPACE HEATING (
homes and
public N
premises —

The emission of unwanted substances from the
industrial society is likely to produce diverse and
unpredictable consequences in the biosphere. New
microorganisms adapted to new environments will
appear, see Figure 7. Existing microorganisms, i.e.
bacteria, fungi and viruses, provide the conditions
on which present forms of life are founded. All
forms d life are built on the existence of a specified
mixture of certain microorganisms.

The incredible power of these tiny organisms must
not be ignored. One single bacterium could irothe
ry fill out the entire solar system within a few
weeks if it were allowe to multiply without limita
tions. This describes the power of the living foun
dat i on olife sappart systenbasd the dan
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ger of interfering with this. By changing the phys
cal environment it becomes unfavorable for existing
microorganisms as well as for present higher forms
of life. This may be recorded as a retian in the
number of species. However, the new physical
environment that is offered will also encourage new
forms of life to appear, initially by new micrpo
ganisms that are better fitted to the new conditions,
e.g. bacteria that develop immunity to aidtics.
Later new insects or insects with new charasteri
tics will appear, such as malaria mosquitoes that are
resistant to DDT. This is what Darwin expresses as
the survival of the fittestToxicity is a condition
that can be reversed when transferred to different
biological systems. A toxic substance is of course
harmful for some organisms but at the same time it
offers a new ecological niche that soon will be
occupied by new organisms. i§his a dangerous
consequence of environmental pollution and an
important perspective on thwrd flu virus.

Thus, industrial society may nourish its own egtin
tion by degrading the biological foundations of
human existence. It would be very naive to hedie
that new microorganisms will only live in harmony
with the present higher forms of life. The immed
ate signs of this are the appearance of new diseases
as thebird flu virus andE. coli bacteria, lesser
sistance against existing diseases due to a wedken
immune system and the increasing rate of chronic
allergy. It must be remembered that nature lives, i.e.
is a living highly intelligent systeniThis will be
further discussed below.

4. Exergy

The exergy concept originates from works ofr-Ca
not (1824), Gibb (1873) Rant (1956) and Tribus
(1961). Exergy of a system is (Wal977 & 1986)
E=U+PV-TS- § mn @)
I
whereU, V, S andn; denote extensive parameters
of the system (energy, volume, entropy, and the
number of moles of different chemical materigls
and Pg, To, andeq are intensive parameters of the
environment (pressure, temperature, and chemical
potential). Analogously, the exergy of a flow can be
written as:

E=H -T,S -mn )

whereH is the enthalpy.

New reference state

Figure 7.Survival of the Fittess a driving force in the evolutioourceAut hor 6 s

L} L}
New reference state

0 own wor k.

All processes involvehe conversion and spending
of exergy, thus high efficiency is of mosini
portance. This implies that the exergy use is well
managed and that effective tools are applied.

4.1.Exergy Losses

Energy is always in balance, however, for real-pr
cesses exergy igever in balance due to irreversibi
ities, i.e. exergy destruction that is related to the
entropy production by

R SIES I & a:(En B 00

in ut
where DS*' is the total entropy increase,

t t . .
' is the total exergy input,

E“ is the total exergy output,

and (E, - E,,), is the exergy destruction in process

i

The exergy loss, i.e. destruction and wastej-ind
cates possible process improvements. In general
tackle the biggest loss firstpproach is not always
appropriate since every part of the system depends
on each other, so that an improvement in one part
may cause increased losses in other parts. As such,
the total losses in the modified process may in fact
be equal or even largehan in the original process
configuration. Also, the use of renewable and-non
renewable resources must be considered. Therefore,
the problem needs a more careful approach.

4.2.Exergy Efficiencies

A simple definition of efficiency expresses ak-e
ergy input asused exergy, and all exergy output as
utilized exergy. So the exergy efficiencly, ; be-

comes
h Eout =1- Ein - Eout
E, E,

However, this efficiency does not always provide
an adequate characterization of the thermodynamic
efficiency of processes, such as heat transfeg-sep
ration, expansion etc. Often, there exists a part of
the output exergy that is unused, i.e. an exergy
wasteEyase t0 the environment. Thus, the utilized
exergy is given byEg T Ewaste Which we call tle
exergy produck,. The output consists of twuarts

Eou = Epr + Epaste (5)

The exergy efficienc:)heX,z now instead becomes

4

ex,1 ™~
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Sonetimes a part of the exergy going through the
system is unaffected. This part of the exergy has
been named the transit exer§y, see Figure 8.
Example of transit exergy is the exergy which goes
unaffected through a production process, ¢he.
exergy of crude oil being refined into petroleum
products.

R
&

System ,

all o
E,-,, OI' out
Process

waste

Figure 8.Process flowsSourceAut hor 6 s own

If the transit exergyE;, is deducted from both the
input and the output exergy (or rather from exergy
product), the exergy efficiency,, ; becomes

E E E E, - E

out waste ~ —tr pr
- Etr @

hex,3 = =

Ein -E Ein
These latter definitions are compared by applying
them to a system with two different processes A
and B (Figure 9) The exergy efficiencies are for
process Aidex=91% andde,:=10%, and for pu-
cess B:fex = dex750%. Thus, determining which
is the most efficient process is a matter of defining
efficiency. In addition, the exergy destruction of
process A is larger than that of process B, 9 versus
5.
A betterinsight is offered by using exergy flow
diagrams since it shows: (1) the exergy efficiencies
of the various parts of a system, (2) the different
exergy inputs and outputs, (3) where the various
exergy flows come from and go to, (4) the amount
of transit exrgy, (5) how much exergy is destroyed
in each processes.

tr

Process A i Process B
Ein=10 E/r=0 Epr:Euulzs
E,=90
e 7 Nex 3=50%
Nex, 2™ Nex,3 o AE=5
E =
g e 2=91% pr
E;,=100 Nex2=91% E, =91
W Nex 3=10% AE=9

Figure 9. Comparing exergy efficienciesSource: Au-
thorés own wor k.

4.3. Exergy flow diagrams

From the above it is clear that ambiguity reduces if
an exergy flow diagram is used to demonstrate an
exergy transfer instead of a ratio. In engineering,
these diagrams are often used to describe the energy
or exergy flows through a process.

Figure 10 shows a typical heat power plant, its main
components and roughly the main energy and-exe
gy flows of the plant. This diagram shows where
the main energy and exergy losses occur in the
process, and also whether exergy is destroyed from
irreversibilities or whether it is emitted as waste to
the environment. In the energy flow diagram energy
is always conseed, the waste heat carries the
largest amount of energy into the environment, far
more than is carried by the exhaust gases. However,
in the exergy flow diagram the temperature of the
waste heat is close to ambient so the exergy b

w 60mgs much less. The egyg of the exhaust gas

and the waste heat are comparable.

Figure 11 illustrates the energy and exergy flows of
an oil furnace, an electric heater, an electric heat
pump and a combined power and heat plant, i.e. a
co-generation plant. The produced heatisged for
space heating. In the oil furnace the ener %Leff
ciency is assumed to be typically about 85%% dsses
being due mainly to the hot exhaust gases. The
exergy efficiency is very low, about 4%, because
the temperature difference is not utilized whea th
temperature is decreased,
a comfortable indoor climate.

Exhaust gases

Steam

Electricity

Generator

Cooling water Waste heat

ENERGY FLOW

Friction losses

Waste heat

Exhaust gas

EXERGY FLOW N
ical Electrical
Chemical or Thermal exergy gﬁgﬁgy“m"a‘ exergy
nuclear
exergy Exhaust gas Waste heat e
Friction

Figure 10.Energy and exergy flow diagrams of a heat
power plantSourceAut hor 6 s own wor k.

t

(o]



Wall/Problemy Ekorozwoju/Problems of Sustainable Developmerit/2013, 27-41 33

ENERGY

EXERGY
Qil Heat Heat
furnace
i Nox = 4%
Men = 85% s
Electric -: Heat > Heat
heater
Nen = 100% Mex = 5%
Heat
Electric
l’::-:;f Heat Nex = 15%
pump Heat
Men = “300"%
Cogenera-
tion plant El. & heat
El. & heat

Men=85% Mex = 40%

Figure 11.Energy and exergy flows through some typical
energy system$&ourceAut hor 6 s own

Electric heating by shodircuiting in electric res-

tors has an energy efficiency of 100%, by definition
of energy conservation. The energy efficiency of an
electric heat pump is not limited to 100%. If the
heat originating fom the environment is ignored in
the calculation of the efficiency, the conversion of
electrical energy into indoor heat can be well over
100%, e.g. 300% as in Figure 11. The exergy flow
diagram of the heat pump looks quite different. The
exergy efficiencyfor an electric heater is about 5%
and for the heat pump, 15%.

In Figure 10 the energy and exergy efficiencies are
the same because the inflow of fuels and the ou
flow of electricity both have an exergy factor of
about or exactly 1 respectively. Theergy factor is

by definition the relation between exergy andrene
gy for a given form of energy. Both energy and
exergy of chemical substances are related to agreed
reference states, i.e. standard reference states for
each substance. The reference stateehergy and
exergy respectively does not necessarily match. For
energy the reference state is usually pure elements,
whereas for exergy the reference state is carefully
selected to meet the most environmental state for
the substance. Thus, a substancg have different
reference states for energy and exergy whioh i
plies that the exergy may exceed the energy value.
This deserves further attention from the research
community. In particular this is the case for some
hydrocarbons (Szargut2005) For a comined
power and heat plant, i.e. a cogeneration plamg-(Fi
ure 11) the exergy efficiency is about the same as
for a thermal power plant (Figure 10). The diffe
ence may vary and relates among other things to the
heat and power ratio. This can be better uridecs
from the exergy diagrams. The main exergy loss
occurs in the conversion of fuel into heat in the

wor k.

boiler. Since this conversion is practically the same
in both the condensing and the combined power
plants, the total exergy efficiency will be the same,
i.e. about 40%. However, it may be noted that the
power that is instead converted into heat eorr
sponds to a heat pump with a coefficient of perfo
mance (COP) of about 10. Thus, if there is athea
ing need a cogeneration plant is far superior to a
condensig power plant. The maximum energy
efficiency of an ideal conversion process may be
over 100%, depending on the definition of efficie
cy. The exergy efficiency, however, can neves e
ceed 100%. Due to definitions of the reference state
the exergy factor, i.eexergy

4.4, Exergy Analysis

To estimate the total exergy input that is used in a
production process it is necessary to take all the
different inflows of exergy to the process intc-a
count. This type of budgeting is often termed Exe
gy Analysis (Wal] 1977 & 1986). There are bas
cally three different methods used to perform an
Exergy Analysis: a process analysis, a statistical
analysis or an inpubutput analysis. The latter is
based on an inptdutput table as a matrix represe
tation of an economy. Everindustrial sector is
represented by a row and column in the matrix. The
main advantage of this method is that it can quickly
provide a comprehensive analysis of an entire
economy. The main disadvantages results from the
use of financial statistics and frothe degree of
aggregation in the table. In order to obtain a more
detailed disaggregation than used in inputput
tables it may be sufficient to make use of the more
detailed statistics from which inpoutput tables
are usually compiled. The methoddalled statigt

cal analysis, which is basically a longhand version
of inputoutput analysis. This method has twd- a
vantages over the inpoutput method: firstly, it
can achieve a more detailed analysis, and secondly,
it can usually be executed directlyphysical units,
thus avoiding errors due to peeential pricing,
price fluctuations, etc. However, its disadvantage
compared to the inptgutput method is that the
computations usually have to be done manually.
Process analysis, see Figure 12, focuses partt-

ular process or sequence of processes for making a
specific final commodity. It evaluates the total
exergy use by summing the contributions from all
the individual inputs, in a more or less detailed
description of the production chaifthis is also
often referred to as calculation of the cumulative
energy or exergy use of specific product or service.
Net Exergy Analysis has also to be applied, see
Figure 13. All exergy being used, directly or iind
rectly, in the production of the produsill be de-
ducted from the exergy of the product, in order to
define the net exergy product. This method is of
particular importance in the analyses of extracting
fuels from tar sand and biomaterial.



34 Wall/Problemy Ekorozwoju/Problems of Sustainable Developmerit/2013, 27-41

Outlets Outlets

Inputs

[
Level4 , Level3 Level 2 : Level 1
1 1
¢ gt ' Inputs
1 Inputs 1 P
Inputs 1 | other !
. I | products 1
Machines |' Material Lt Product
to do ' Outlets products
machines '
0
1
1
1
1
1
I

]
L
1
]
1
]
1
]
]
1
]
]
]
1
1
1
: Outlets
1

]

]
Outlets 1 Outlets

Figure 12.Levels of an exergy process analySsure:
Aut hordés own worKk.
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Figure 13.Net exergy analysisSource:Aut hor 6 s
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4.4.1. Life Cycle Analysis or Assessment
Environmentally oriented Life Cycle Analysis or
Assessment (LCA) has become very popular in the
last decade to analyze environmenfaioblems
associated with the production, use and disposal or
recycling of products or product systems, seg Fi
ure 14. Every product is assumed to be divided into
these thredife processesor as it is sometimes
namedfrom cradle to graveor from cradle tocra-

dle

Production Use
the prtiflfllf‘l “gets the product “lives”
ife

Figure 14.The life cyclefrom cradle to graveSource:
Aut hords own wor k.

Disposal or
recycling

the product “dies”

For everylife processthe total inflow and outflow

of energy and material is computed, thus, LCA is
similar to Exergy Analysis. In general Exergy
Analysis and LCA have been developed separately
even though they are strongly linked. This ineent

ry of energy and material balarsces then put into a

framework of four stages: (1) Aims and limits or
Goals and scope, (2) Inventory, (3) Environmental
impact, and (4) Measures, see Figure 15. These four
main parts of an LCA are indicated by boxes, and
the procedure is shown by arrowsoli§ arrows
show the basic steps and dashed arrows indicate
suitable next steps, in order to further improve the
analysis.

In LCA the environmental burdens are associated
with a product, process, or activity by identifying
and quantifying energy and matds used, and
wastes released to the environment. Secondly one
must assess the impact on the environment, of those
energy and material uses and relea3dsis it is
divided into several steps (Figure 15).

Aims and limits
Goals and scope

2
Inventory
Energy & material balances
Measures

l f Identifying

Evaluation

Environmental impact Conclusions

Recommendations

Classifying

Characterization

Evaluation

Figure 15.Main steps of an LCASource:Au t s ownd
work.

4.4.2. Life Cycle Exergy Analysis

& multidimensional approach of LCA causes

large problems when it comes to comparing diffe
ent substances, and general agreements are crucial.
This problem is avoided if exergy is used as a
common quantity, which iglone in Life Cycle
Exergy Analysis (LCEA) \all, 1977; Gong &
Wall, 2001) and in Exergetic Life Cycle Analysis
(ELCA) presented by Cornelissen inQ®(Cornd-
issen 1997)However, ELCA does not distinguish
between renewable and nognewable resources.

In the LCEA method we distinguish betweer-r
newable and nerenewable resources. The total
exergy use over time is also considered. These
kinds of analyses are of importance in order to
develop sustainable supply systems of exergy in
society. The exergy flonhrough a supply system,
such as a power plant, usually consists of three
separate stages over time (Figure 16). At first, we
have the construction stage where exergy is used to
build a plant and put it into operation. During this
time, 0¢t ¢t exergy is spent of which some is

accumulated or stored in materials, e.g. in metals
etc. Secondly we have the maintenance of tlse sy
tem during time of operation, and finally the clean
up stage. These time periods aralagous to the
three steps of the life cycle of a product in an LCA.
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The exergy input used for construction, maint
nance and clean up we call indirect exeEirect
and we assume this oigites from nofrenewable
resources. When a power plant is jpid operation,

it starts to deliver a product, e.g. electricity with
exergy powerE,, by converting the direct exergy
power inputE;, into demanded energy forms, e.g.
electricity. In Figure 16 the direct exergy is a non
renewable resource, e.g. fossiefand in Figure 17
the direct exergy is a renewable resource, e.g. wind.

4, -9  Anon sustainable power plant
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| Destruction!
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Figure 16. LCEA of a fossil fueled power plaBburce:
Aut hords own wor k.
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Figure 17.LCEA of a wind power plantSource:Au-

thordéds own wor k.

In the first case, the systemrist sustainable, since
we use exergy originating from a nsaostainable
resource. We will never reach a situation where the
total exergy input will be paid back, simply because
the situation is powered by a depletion of resources,
we haveE,, < Ej, + Ejndirect IN the second casen-i
stead, at time = tyaypackthe produced exergy that
originates from a natural flow has compensated for
the indirect exergy input, see Figure 17, i.e.

t payback

tige
ﬁ gpr(t)dt = ﬁ 'ndirect(t)dt = Eindirect
toart 0 (8)
Since the exergy inpuriginates from a renewable
resource we may not account for it. By regarding
renewable resources as free then affter tyayback
there will be a net exergy output from the plant,
which will continue until it is closed down, at
t = tgose Then,exergy has to be used to clean up
and restore the environment, which accounts for the
last part of the indirect exergy input, i.&girect
which is already accounted for (Eq. 8). By cosi
ering the total life cycle of the plant the netopr
duced exergyecomesE e pr = Epr T Eingirece These

areas representing exergies are indicated in Figure
17. Assume that, at time=0, the production of a
wind power plant starts and at tinhe= tgyy it is
completed and put into operation. At that time, a
large amant of exergy has been used in theco
struction of the plant, which is indicated by the area
of Ejngirect DEtWEEN=0 andt = tg

Then the plant starts to produce electricity, which
is indicated in Figure 17 by the upper curve

Epr = Eindirect + Enet,pr- Att= tpaybackthe exergy used

for construction, maintenance and clean up has
been paid back. For modern wind power plants this
time is only some months. Then the system has a
net output of exergy until it is closed down, which
for a wind power station may last for decades.
Thus, these diagrams could be used to show if a
power supply system is sustainable.

LCEA is very important in the design of sustainable
systems, especially in the design of renewable e
ergy systems. Take a solar pgnmade of mainly
aluminum and glass that is used for the production
of hot wat er for
Then, it is not obvious that the exergy being spent
in the production of this unit ever will be paid back
during its use, i.e., it mighie a misuse of resources
rather than a sustainable resource use. The produ
tion of aluminum and glass require a lot of exergy
as electricity and high temperature heat or several
hundred degrees Celsius, whereas the solar panel
delivers small amounts of exgy as low temper-

ture heat. LCEA must therefore be carried out as a
natural part of the design of sustainable systems in
order to avoid this kind of misuse. Another case to
investigate is the production of biofuels in order to
replace fossil fuels in thigansport sector. This may
not necessarily be sustainable since the production
process uses a large amount of fossil fuels. Thus, it
may well turn out to be better to use the fossil fuels
in the transport sector directly instead.

Sustainable engineering Wld be defined as sy
tems which make use of renewable resources in
such a way that the input of noenewable e-
sources will be paid back durinigs life time, i.e.

Eor > Ein + Eingirece In Order to be truly sustainable
the used deposits must also dmmpletely restored

or, even better, not used at all. Thus, by using
LCEA and distinguishing between renewable and
nonrenewable resources we have an opef@fional
method to define sustainable engineering.

4.5.Exergy and economics

Exergy measures the physicahlue of a natural
resource. Thus, it is also related to the economic
value, which reflects the usefulness or utility of a
resource.

In order to encourage the use of sustainakle r
sources and to improve resource use, an exergy tax
could be introduced. Theise of norrenewable
resources and its waste should be taxed by the
amount of exergy it accounts for, since this istrela

househol
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ed to the environmental impact. In addition to this,
toxicity and other indirect environmental effects
must also be considered. In tbase of irreversible
environmental damage, a tax is not suitable, instead
restrictions must be considered.

A system could be regarded as a part of two diffe
ent environments, the physical and the economic
environment. The physical environment ie-d
scribedby pressurd®,, temperaturdl,, and a set of
chemical potentials;, of the appropriate substan
esi, and the economic environment by a set of
reference prices of goods and interest rates. These
two environments are connected by cost relations,
i.e. costas a function of physical quantities (Figure
18).

(" PHYSICAL |2| EcoNomiC )
ENVIRONMENT Z | ENVIRONMENT
Vs (SYSTEM ) vaes
Energy Information
Entropy = Constraints
=
-
Pressure Z Prices
Temperature 3 Interest rates
Chemical potentials | >
\ ’ J

Figure 18. The system surrounded by the physical and the
economical environments, which are linked through cost
relationsSourceAut hor 6s own wor k.

With the system embedded in the physicalienv
ronment, for each component there are mass and
energy balances needed to define the performance
of the system. In addition, these balances describe
the physical behavior of the system.

If the cost relations are known, then the physical
and economic envirgnents could be linked. The
cost equations can sometimes be simplified to a
scale effect, times a penalty of intensity. Then the
system of lowest cost, which is physically feasible,
can be found. Usually the maintenance and capital
costs of the equipmenteaamot linear functions, so

in many cases these costs have more complex
forms. If, by some reason, it is not possible ta-opt
mize the system, then at least cost could be linked
to exergy by assuming a price of exergy. This
method is called Exergy Economy @aunting
(EEA).

4.5.1. Exergy Economy Accounting

Since exergy measures the physical value, and costs
should only be assigned to commodities of value,
exergy is thus a rational basis for assigning costs,
both to the interactions that a physical systeneexp
rienceswith its surroundings and to the sources of
inefficiency within it. The exergy input is shared
between the product, and the losses, i.e. destruction
and waste.

EEA simply means determining the exergy flows
and assigning economic value to them. When there
are various inflows and outflows, the prices may
vary. If the price per exergy unit does not vary too
much, anaverage pricecan be defined. This ntet

od allows comparison of the economic cost of the
exergy losses of a system. Monetary balances are
formulatd for the total system, and for eachmeo
ponent of the system, being investigated. EEA
gives a good picture of the monetary flows inside
the total system and is an easy way to analyze and
evaluate very complex installations.

EEA does not, however, includeonsideration of
internal system effects. It does not describe how the
capital investments in one part on the system affect
exergy losses in other parts of the system. In the
EEA method the exergy losses are humbers and not
functions. However, this simpléype of analysis
sometimes gives ideas for, otherwise, not obvious
improvements, and a good start of an optimization
procedure, in which the exergy losses would be
functions.

4.5.2 Exergy Economy Optimization

When constructing a system, the goaloften to
attain the highest possible technical efficiency at
the lowest cost, within the existing technicalpec
nomical and legal constrains. The analysis also
includes different operating points (temperatures,
pressures, etc.), configurations (componefitay
charts, etc.), purpose (dual purpose, use of waste
streams, etc.), and environments (global or local
environment, new prices, etc.). Usually, the design
and operation of systems have many solutions,
sometimes an infinite number. By optimizing the
total system, the best system under the givenieond
tions is found. Some of the general engineering
optimization methods could be applied, in order to
optimize specific design and operation aspects of a
system. However, selecting the best solution among
the ertire set requires engineering judgment, intu
tion and critical analysis. Exergy Economy Opitim
zation (EEO) is a method that considers how the
capital investments in one part of the system affect
other parts of the system, thus optimizing the obje
tive fundion. The marginal cost of exergy for all
parts of the system may also be calculated to find
where exergy improvements are best paid off.
Optimization, in a general sense, involves tle d
termination of a highest or lowest value over some
range. In enginearg we usually consider economic
optimization, which in general means minimizing
the cost of a given process or product, i.e. we need
a welldefined objective function. It is alsant
portant not to be misled by a local optimum, which
may occur for stronglynorlinear relations. It is
only the global optimum that truly optimizes the
objective function.
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5. Sustainable Development

5.1. Political semantics

There are numerous definitions of sustainatde d
velopment of which the most widelysed was
coined in 1987 byhe World Commission on ERv
ronment and Developme(VCED) in their report,
Our Common Futureor the secalled Brundtland
report: to meet the needs of the present without
compromising the ability of future generations to
meet their own need3his maysound very attrex

tive since everyonevill get what theyneed now

and forever. However, this does not free the rich
from dealing very concretely with the problems
associated with redistribution of current wealth to
those who are in greater need. Still, chevust be
treated with global justice to remain its meaning.
United Nations Development Programme Human
Development Reporhas stated that the annual
income of the poorest 47 percent of the people of
the world is less than the combined assets of the
richeg 225 people in the world. Given this obseen

ly unequal distribution of wealth and income, the
top fifth of the worl dos
of all the goods and services while the bottom-one
fifth must subsist on a mere 1.3 percent. Sustainable
devebpment must not become a mantra used as an
excuse and justification to sustain economic growth
at the expense of continued human suffering and
environmental destruction. Thus, it must inapp
rate an explicit and wefounded notion of the
gl ob e 6 s capaaity ang iamayvareness of the
consequences of exceeding this. However, since the
Brundtland report was presented, resource depletion
and environment destruction have only proceeded
and worsen. The poor are still ignored and left out
with a catastropheThus, the time of lip service
must be replaced with action and true change. This
implies the fulfilment of moral obligations oe
cealed for generations.

5.2. Physical conditions

The World Commission on Environment ane-D
velopment brought sustainable devetamt to the
worl dés attention and
human wellbeing and sustainable development: (1)
economic conditions such as wealth, employment,
and technology; (2) socipolitical conditions i
such as security and democracy; and (3) envir
mental and resource conditiohsuch as the quality
of our air and water and the availability of capital in
the form of natural resources. The abiotic part of
the environmental and resource conditions is better
specified as a foundation for all thesdlgps, i.e.
certain physical conditions or a life support system
for present forms of life. Then life is related to three
living systems that are founded on specific physical
conditions, and if these change this will have an
impact on all these living syams. Particularly, for
the natural evolution, as presented above. This
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could be depicted as a foundation for these pillars
and for sustainable development to be reached, see
Figure 19. Without suitable physical conditions the
idea of sustainable developntenill lack meaning

no matter number or size of pillars.

Sustainable Development
I [ ] [ ]

Economic conditions
Environmental and
resource conditions

Socio-political conditions

1 i | | |
Physical conditions |

Figure 19. Sustainable development based on suitable
physical conditionsSourceAut hor 6 s own

Before the industrial revolution the

wor k.
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the industrialization this has now changed into an
unsustainable development. In addition, a strongly
unpredictable and unstable situation increasingly
out of control for human institutions. It should be
noticed that nature through the biosphere is in
charge of the physical conditions on Earth that are
subject to constant change often referred to as a
sustainable development or the natural evolution.

5.3. Sustainable development in nature
Sustainability in nature is not a static state, but
rather a statef constant change or evolution since
nature lives. As we saw abgumwanted substan

es are constantly removed, and this is vary i
portant. Matter and energy is being recycled in an
almost closedoop. A small part, often not corksi
ered, is being removeahd sealed in deposits, as a
kind of cleaning process; thus creating a constant
change in the environment; a redistribution oftma
ter. This is indicated by the flow efhwantedsib-

f o fanceL 8 the depodit hof 18s8ils dnél iheRals Sn

Figure 3 above. This isolv most of the deposits
are created, which are mainly chemical conipos
tions of carbon, i.e. fossils. If we assume that the
oxygen in the atmosphere originates from carbon
dioxide the total amountof exergy used would
amountto about 1.7x 10°°J which is equivalent to
about 4 years of solar inflow to Earth. Estimated
conventional fossil fuelsin Ea r t leréss are
estimated to about 5.3x 10°%) (Valero, 2010).
The content of oxygen has increased in the atmo
phere at the expense of carldioxide. Thus, exe

gy is being stored in deposits as increasing contrast,
or a growing amount of scalled natural resources
in the lithosphere. When these resources ase di
persed into the environment, e.g. by combustion of

of
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fossil fuels, this contrast isaptly lost. Weltordered
structures and concentrated substances areldemo
ished and spread as pollutions in the environment.
Thus, the process of creating order through natural
cycles is being reversed by the industrial society.
Nature redistributes matetisubstances ander
shapes its physical conditions so that highly sephi
ticated structures can develop in order to make the
evolution of life possible. Initially, material bu
stances were organized into systems, which were
able to reproduce themselves. Tisishe essence of
life, see Figure 20. The indicated processes of
change, i.e. life and mind, in Figure 20 should not
be taken to appear exactly in time, but to indicate
main steps. Also, the exact meaning of life and
mind are not possible to preciselyfide.

About 170 PW solar radiation exergy power reach
Earth, about 30 percent of this are immediately
reflected and radiated back into space. Once the
radiation enters the atmosphere, a complex series of
reflections and absorptions take place impelling the
climatic system. Exergys converted to thermal
exergy in the atmosphere, land and ocean. Large
parts evaporate water as part of the circulation of
water on Earth, essential to most life form9-A
proximately 40GW biological matter is burieh-u
der sedimenbn an average ongoing basis (Berner
2003) or about 0.24 ppm of the incoming solar
exergy power.

Figure 20. A tiny part of the exergy flow from the Sun to
Earth is stored in deposits on Earth, while matter is-org
nized into life and further into thenind, and further
i nt ®éukeAut hor s own wor k.

Apparently nature has the machinery to creaté-hig
ly sophisticated and ordered structures operating in
space and time. Obviously, there is a strategy acting
behind the scenes. A strategy, however, far to
intelligent for humans to completely grasp. Exergy
stored as deposits on Earth is essential to thaievol
tionary process that characterizes the living nature.
During billions of years nature has gone through an
enormous process of change, which is so pfule
that it has completely changed the life suppost sy
tems on Earth. This story can be told in terms of
exergy. An estimation of the exergy from among
other things the separation of carbon dioxide into
carbon deposits, and oxygen into the atmosphere, is
indicated by the green area in Figure 9, where the
size of this area is exaggerated in order to be vis

ble. The relation between the yellow and the green
areas are hard to size, however, at least several
millions to 1. This buildup of stored exergy in the
form of scecalled natural resources of mainly fossil
fuels is of vital importance for life and for evolution
on Earth. From a purely physical perspective this
amount of exergy can be measured as deposits, or
dead stocks. However, these deposits existdiero

to create and maintain the conditions for lifgosu
port systems. Usually, it is only these deposits that
take the form of minerals, e.g. fossil fuels, which
are considered. However, the fact that the atmo
phere consists of about 21 percent oxygends al
consequence of this. The total amount of oxygen in
the atmosphere is about one millionth of the total
amount of oxygen on Earth, mostly as minerals in
the crust.

Obviously, nature operates in a very intelligent
way. By capturing huge amounts of exery -
posits on Earth it creates an enormous contrast,
which is able to generate life forms with very little
effort. Look at a simple seed: the difference- b
tween whether it is dead or alive is not physically
measurable. However, planted in soil the défere

is undeniable. The interactions within this system,
which give rise to evolution of life on Earth are
inordinately complex. Let us compare the situation
with the creation of a piece of music on a violin.
This needs a weliuned violin, which resembldhe
deposits on Earth, i.e. an essential part of the life
support system. A musician could then, with a
small effortbring life to this wooden box. No one
would ever imagine using the violin as firewood,
especially not a Stradivarius. However, this xs e
actly what we are now doing in the name obec
nomic progress, when we extract mineral deposits
at the current, unsustainable rate. Keeping te g
netic codes or the music sheets is meaningless if we
also destroy the environment or the instrument.
Thus, if al deposits, i.e. stored exergy on Earth,
were used up, then life, as we know it today on this
planet would completely disappear. Earth would be
taken back to a state similar to that seen at thee cre
tion of our solar system, i.e. some five to six billion
years ago. From an ecological perspective theiqual
ty of the stored exergy on Earth should be regarded
as an indicator of the value of present living-sy
tems. When resource deposits are exploited and
used this literally means that we deplete the life
support systems, since the preservation of these
deposits are essential for the support of life. Global
exergy accounting of natural resources provides a
good understanding of the present ecological crisis,
pinpointing problem areas and maybe providing
solutions.Also, this knowledge is an essential part
of a new paradigm to guide science towardss su
tainable development.

Life may be regarded as the organization of matter
in space and time into living organisms, asnme
tioned above. Matter as specific molecuigs &-



