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Abstract
The unavailability percentage is suggested as an indicator of the level of the technological
development in relation to the optimized use of energy. This quantity can be used in economic, and
socio-political evaluations because it is related to the exergy lost during a process, and therefore it
can provide information on the optimization level obtained through a technology or it can be useful
to compare different technologies.
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1. - Introduction
One of the main problems of industrialized countries is the management of CO2 emissions [1]. The
Kyoto Protocol suggestion of CO2 emissions reduction can be achieved through two primary
actions:
1. Renewable energy sources;
2. CO2 sequestration, with very high estimated investment costs, and difficult to be carried out
due to this reason;
3. Promotion of existing high efficiency technologies, and adoption of advanced low-CO2
emission energy systems. Indeed, CO2 reduction is directly related to the thermodynamic
efficiency of any plant. An energy policy to promote best existing technologies, and their
adoption could be developed.
In order to reduce greenhouse gas (GHG) emissions, the Kyoto Protocol suggested three
mechanisms:
1. The Clean Development Mechanism (CDM), a mechanism that enables the creation of
credits (CERs, Certified Emissions Reductions) in developing countries to be generated by
investment in carbon-reduction projects to offset emissions;
2. The Joint Implementation (JI), a similar mechanism but applicable to methane (CH4),
nitrous oxide (N2O), carbon dioxide (CO2) from deforestation, decay of biomass, change
and forestry, fossil fuel use, perfluorcarbons, hydrofluorcarbons, etc.;
3. The international emissions trading (AAUs trading).
Many factors can affect overall carbon dioxide emissions: economic growth levels,
technological development, and production process selected for any particular production [2]. At
the same time, the CO2 emission problem could represent a real opportunity to promote highefficiency design of conventional plants, and consequent dissemination of advanced technologies.
Indeed, the European Union also designed the Strategic Energy Technology (SET) Plan, to develop
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researches on new technologies, with particular regard to those relevant in climate change [3]:
measurement, tracking, and program evaluation are important to evaluate the impact of the
sustainable policy, with particular regard to emissions reductions.
In the entire scientific history, scientists and engineers tried to obtain universal principles
useful to the evaluation of the system’s developments: examples being Fermat’s principle in optics
and Hamilton’s principle in mechanics, Prigogine’s least entropy production [4-8], in
thermodynamics, in order to describe the dissipative systems, used in a several energy efficiency
problems in design and optimization of thermal and power systems [9-11]. The entropy approach
was first introduced in industrial ecology by Lowenthal and Kastenberg [12], whose results were to
assign an entropy value, interpreted as a cost, to stages in a product’s life cycle, but its use was also
a thermodynamic measure for resource use, or waste generation [13].
In order to determine how far a process, or a system, is from its maximum thermodynamic
performance, exergy can be introduced [14-16]; indeed, exergy losses and thermodynamic
efficienciesy are related to assess thermo-economic costs [17].
The aim of this paper is to develop the use of a new thermodynamic indicator, the
unavailability percentage, named also exergy unefficiency, recently introduced [18], and based on
the exergy analysis and fluxes, in order to evaluate, and improve the thermodynamic performance
of industrial processes. In the whole paper product will mean "as a result of a production process",
or "service" if referred to an industry of services.

2. - Indicators and sustainable development
Science and technology are considered fundamental to the growth and socio-economic development
of countries; indeed, technological development has impact on income distribution, economic
growth, employment, trade, environment and industrial structure [19, 20]. The 1992 Earth Summit
stipulated that countries at national level as well as governmental and non-governmental
3

organizations at international level should develop indicators of sustainable development in order to
support countries in making decisions on sustainable development [19].
At all levels, the role of science and technology is fundamental; scientific knowledge and
technologies are the basis to challenge economic, social, and environmental problems, in order to
avoid unsustainable conditions. The analysis of technological processes can be developed using a
thermodynamic approach for the whole system and for all its interactions both internal to the
process, and external to the environment and society. The results consist of a quantitative evaluation
of the flows of matter and energy which occur in the system and of the consumption rate of the
available resources. This information can represent a fundamental support to policy planning and
resource management [21].
In order to evaluate the technological level, and the advanced level of industrial processes,
some indicators must be considered. Every company applies different production processes, which
cause different carbon emissions or environmental impact, therefore as regards the environmental
effects, the process itself results more important than the product obtained. In order to analyze both
the environmental impact and the technological level acquired by the countries several indicators
can be introduced. These can be defined as [21] “an aggregate, a quantitative measure of the impact
of a ‘community’ on its surroundings (environment)”. It implies that:
1. The ecological indicators must be applicable to any “community”;
2. They are aggregated because it cannot be limited to a single individual;
3. They consider only the effects produced on the environment that surrounds the community
under examination.
From these definitions, it follows that the community and the environment must be considered as
two separate, but interacting systems [21].
The consequent properties of the environmental indicators can be summarized as follows:
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1. They must be evaluated using unambiguous and reproducible methods under a well defined
set of fundamental assumptions;
2. They must be expressed by a numerical expression whose results can be ordered in an
unambiguous way;
3. They must be calculated on the basis of intrinsic properties of the community and of the
environment;
4. They must be normalized in order to compare different communities or environments;
5. They must be defined on the basis of the accepted laws of thermodynamics.
Sciubba analyzed in detailed a lot of indicators and pointed out their limits in Reference [21].
Here his results are summarized according to the most used environmental indicators:
1. MTA (Material Throughput Analysis or Material Inventory Analysis): it is an indicator
based on the assumption that the lifestyle of a community can be measured by the global
equivalent material flow used to produce the commodities on which it thrives. The method
involves highly disaggregated accounting of the material inputs/outputs and it requires
detailed knowledge on production processes. Moreover, it does not use the second law of
thermodynamics;
2. EEn (Embodied Energy): it is an indicator which obtains a direct measure of environmental
impact. The amount of energy used to construct a product, in terms of resources and work
done, is evaluated, but it does not include any measure of the quality of the energy flows
considered;
3. The tranformity: in the Emergy Analysis the energy accounting is considered, but the
fundamental assumption is that the only input form of energy is the solar radiation. All other
flows of matter and energy are related to equivalent solar energy necessary to obtain them.
This evaluation is carried out using a proper set of coefficients, the transformities. It does
not include any measure of the different quality of the energy flows.
5

All these indicators do not consider the quality of energy, but this property is fundamental in the
analysis of the technological level involved in a process. In the early ‘80es Gøran Wall and others
scientists and engineers analyzed territorial systems using exergy flows, which involve the first and
second law of thermodynamics [21]. This quantity considers the quality of the energy used, too. In
relation to the aim of this paper, the exergy dissipated must be consider; indeed, it represents the
available energy dissipated in the environment and the less is its value the higher is the
technological level used in a process. This will be developed in the next section, starting from the
laws of thermodynamics.

3. – The thermodynamic approach to production (services included) systems
The best system, from an energy point of view, is the one which uses less energy to obtain the same
useful output [22]. Consequently, the thermodynamic efficiency of a country is related to its
technological and ecological development.
In order to evaluate the energy efficiency, two different thermodynamic approaches must be
considered:
1. The first law analysis, known also as the net energy analysis: it allows tracing the energy
flows useful to produce products or services. Its mathematical expression is the energy
balance:

 G h  e
in

in

k

 e p in   Gout h  ek  e p out   Qi  W  0
out

(1)

i

where G is the mass flow, h is the specific enthalpy, ek and ep are the kinetic and the
potential specific energy, Q is the exchanged heat and W the work done. From this equation,
a useful formulation of the first law efficiency was proposed [23] as:

I 

useful
H out
H in

6

(2)

useful
where H out represents the raw energy resource converted to useful energy, met

downstream as final or end-use demand [24], while Hin is the input enthalpy;
2. The second law analysis, also known as the entropy or the exergy analysis: this law allows
us to take into account the degradation of the energy due to irreversible processes. In
relation to this analysis the exergy balance equation:
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i

where G is the mass flow, ex is the specific exergy, ExQ is the exergy associated with the
exchanged heat Q, ExW is the exergy associated with the work done W and I = Exin – Exout is
the exergy loss for irreversibility. From this equation a useful formulation of the second law
efficiency was proposed [25] as:

 II 

Exout
Exin

(4)

First law analysis does not consider the energy quality, while the second law allows pointing
out that not all the heat input can be converted into useful work, due to irreversibility. This law
requires the definition of parameters that allow us to quantify the maximum amount of work
achievable in a given system with different energy sources: this quantity is the exergy Ex defined as
the available energy for conversion from a reservoir with a reference to the ambient environmental
temperature [26]. So it represents the thermodynamic quality of the energy of a system [23].
The parameter useful to quantify the technological level of the process used is the
unavailability percentage, or exergy inefficiency, defined as [18]:

E% 

Ex
100 %
Exin

(5)

with Ex unavailability, defined as:

Ex  Exout  Exin  Ein  Exout  Exin  Exout  W
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(6)

where Ein is the total energy input in the system, Exout is the total exergy coming out from the
system. This factor explicitly takes into account the irreversibility in the process, and if the process
is well optimized in relation to present technologies.
This quantity is interesting to evaluate the technological maturity of a production system,
because it is useful to obtain information on the losses of processes, even if it cannot be considered
an environmental indicator [21]. The less is the value of the unavailability percentage, the more the
industrial process is efficient in terms of energy use.

4. – Considerations
In this section some considerations on the quantity introduced will be developed in order to make
clear on the results obtained in the applications, developed in the next section.
Technology is considered one of the fundamental driving force for the growth, and socioeconomic development of contemporary countries, because technological development has impact
on income distribution, economic growth, employment, trade, environment and industrial structure
[21,27]. The analysis of technological processes can be developed using a thermodynamic approach
for the whole system, based on the quantitative evaluation of the flows of matter and energy which
occur in the system and of the consumption rate of the available resources. This information can
represent a fundamental support to policy planning and resource management [21].
Exergy is a quantity that allows the engineers to design systems with the aim of obtain the
highest efficiency at a least cost under the actual technological, economic and legal conditions, but
also considering ethical, ecological and social consequences [18]; indeed,
1. It allows the evaluation of the impact of energy resource utilization on the environment;
2. It allows the evaluation of more efficient energy-resource use, and of the locations, types,
and magnitudes of wastes and losses;
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3. It is an efficient technique to evaluate if it is possible to design more efficient energy
systems by reducing the inefficiencies in existing technologies.
Now, we wish to highlight that any effect in Nature is always the result of the dynamic
balances of the interactions between the open systems and their environment, and the exchange of
energy drives some behaviour of natural systems, i.e. their evolution is driven by the decrease of
their free energy in the least time [28-36]. Exergy is defined as the maximum amount of work
obtainable by a system as it comes to equilibrium with its reference environment. So, it represents a
measure of the ability of a system to cause changes, due to its non complete stable equilibrium, in
relation to the reference environment. Consequently, we highlight that [28,36]:
1. The exergy of a system in complete equilibrium with its environment is null;
2. Exergy doesn't follow any conservation law;
3. A system carries exergy proportional to the level of disequilibrium with its environment;
4. Any loss of energy quality results in consumption of exergy.
Moreover, all the real systems operate on irreversible thermodynamic processes which take place in
a finite proper time [33], its process lifetime. In the analysis of the thermodynamic behaviour of
open systems, irreversible processes represent one of the fundamental topic of investigation in
thermodynamics. Indeed, the studies on irreversibility are important in the design and development
of the industrial devices [37]; indeed, they allow us to evaluate the dissipations by using entropy
generation, and, consequently, to express the usual thermodynamic inequality by means of
equations [37-43] of the irreversible and non-equilibrium thermodynamics. In thermodynamics, in
1824, Carnot [44] introduced an ideal engine operating on a reversible cycle without dissipation.
This engine convert the absorbed heat in work and, apparently, it has no irreversibility. Carnot
proved that [44,45]:
1. All ideal engines operating between the same two thermal baths (thermal reservoirs) of
temperature T1 and T2, with T1 > T2, has the same ideal efficiency C = 1 – T1/T2
9

2. Any other engine, operating between the same temperature, has an efficiency  such that it
is always  < C
Carnot’s conclusions represent the existence of a definite limit for any conversion of the heat into
the kinetic energy and work [44,45].
Now, we must consider that energy is a thermodynamic property which characterizes any
state of a thermodynamic system in relation to a reference state. It is a conserved quantity in relation
to the universe (the system and its environment), and its total value is always constant [27]. So, its
physical meaning is related to its variation, which is the value, and the cause of the useful work.
Consequently, any change in a system is no more than a transition between two states.
On the other hand, the exergy of a system is the maximum shaft work obtainable by the
system in relation to its specified reference environment, which is considered infinite, in
equilibrium and it is specified by fixing its temperature, pressure and chemical composition [27]. In
1889, Gouy and, in 1905, Stodola, independently, proved that the lost exergy in a process is
proportional to the entropy generation [16]. The Gouy's results were used in a great number of
analysis of irreversibility [46-85]. The exergy flows, related to the increase of the entropy
generation, are no more than the heat exchanged with the required second thermal reservoir of a
Carnot engine. Consequently, the exergy flow, between the system and its environment, result a
fundamental quantity for the analysis of the open systems, industrial and social sectors included.
The fundamental role of fluxes in thermodynamics has been highlighted in the constructal law, a
recent and advanced thermodynamic theory [34].

5. – Applicative examples
In this section some examples of application, of the previous theoretical results, will be developed.
The first example allows underlining the useful behaviour of the unavailability percentage in
relation to different production sectors for Italy, using the data available in 1990. In order to
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evaluate unavailability, the first step is to develop the evaluation of the exergy. The general
approach to exergy evaluation for National system has been developed [25]: the particular
characteristics of each sector were weighted and associated to a parameter [23]. Exergy
consumption calculation is well-established, and recently it has been expanded to include the
impacts of material resources and water consumption in addition to energy use [21,26]. In order to
develop an exergy analysis of a country, the country system is subdivided into the following sectors
[86]:
1. Extraction, which includes mining and quarrying, oil and natural gas, refining and
processing;
2. Conversion, which comprises heat and power plants;
3. Agriculture, forestry, fishery and related industries;
4. Industry, manufacturing industry except food industry and oil refineries;
5. Transportation services;
6. Tertiary sector, services other than transportation;
7. Domestic sector, households.
All fluxes between these sectors and between the surroundings and sectors within the system are
being considered; each one of them is characterized as follows:
1. Resources: primary (fossil fuels, solar, wind, minerals, metals, geothermal, hydraulic) and
secondary (products from petroleum refining, mineral and metal working) and electric
energy;
2. Natural resources: agricultural products, wood, natural fibers, livestock, fish, game;
3. Products: products and services generated by industry, tertiary and transport sectors;
4. Trash fluxes: organic and inorganic waste materials, deposited in the environment;
5. Discharge: combustion gases, thermal discharge including radiated heat, heat and mass
spread in the environment;
11

6. Human work.
An exergy value is assigned to all these fluxes, derived from the annual energy balances or energy
accounting published by the national statistics agencies. The exergetic value of W-flux is obtained
as:

ExW 

n
Ex in
ntot

(7)

where n is the flux of work-hours into a sector, ntot is the total amount of work-hours, and Exin is the
exergy influx to the society. Consequently, the following facts must be considered:
1. Fossil fuel and renewable energy: the exergy associated with energy carriers is taken to be
the product of the gross heating value of the carrier and the quality factor;
2. Transportation: exergy associated is related to the primary energy carrier, which is
petroleum based;
3. Fresh and saline water: the exergy reference state for water is assumed to be seawater, the
chemical exergy for saline is defined to be zero, while the chemical exergy for freshwater is
given as 50 MJ/m3 [87];
4. Food: the nutritional content of food or its ability to supply energy to people is represented
in the caloric content of food, which is considered as the exergy content of food;
5. Construction materials, metals and plastic: exergy content of construction material and
metals will be considered as the chemical exergy of the material [88] multiplied by the
amount of the material consumed;
6. Paper and wood: the exergy of wood for energy is assumed to be 10.44 GJ/m3 [89], for
construction is 8 GJ/m3 with a density of 450 kg/m3, while the exergy of paper is 17.00 GJ/t
[90].
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The analysis of the exergy balance for Italy has been developed by Wall, Sciubba and Naso
[391]. The reference year for the exergy analysis in Italy is 1990. The population of Italy was 57.66
 106 people. Wall, Sciubba e Naso [92] analyzed:
1. The inflow of sunlight: the total inflow of sunlight over the area of Italy is about 1  106
PJ/y. The converted flow of solar heat supplies the heat for water heating, mainly in
households. A solar panel could produce about 20 m3 of warm water (40°C) per year and
m2 ;
2. The forestry and industrial based on forests: the exergy of wood is assumed to be 8 GJ/m3.
The exergy content of wood is given by the total change of chemical (exergy stored in the
material as lack of binding exergy between the atoms in a molecule) and structural (exergy
stored in the structure of materials) exergy. Forest crops are used for construction and for
paper production. The amount of timber cut in Italy was 0.53 GJ/capita for material use and
0.50 GJ/capita for use as firewood. Cutting for char-coal production was 0.01 GJ/capita. The
result was 1.04 GJ/capita, while the imports add was 4.79 GJ/capita as wood, timber, pulp,
and paper, and the total export of mainly paper amounts to 0.46 GJ/capita. Moreover, 5.33
GJ/capita of the forest crops (lignin), together with 0.89 GJ/capita from other fuels and 0.44
GJ/capita of electricity are transformed to 2.77 GJ/capita of products, heat, wood, and paper.
The exergy dissipation is about 3.89 GJ/capita;
3. The agriculture and food production: the inputs in the agriculture and food industries are
solar radiation and fertilizers, fuels, and electricity. Food consists partly of vegetable
substances such as grains and greens, partly of animal substances such as meat, milk and
fish. The extent of agricultural land in Italy was about 121,500 km2, the 41% of the total
land area. The exergy content of the total domestic crops is estimated at about 10 GJ/capita.
In addition, there are residues estimated about the same exergy. The exergies from fossil
fuels and electricity used in agriculture was 1.59 GJ/capita and in the food industry 0.74
13

GJ/capita. Imports of agricultural products were about 4 GJ/capita. Exports were estimated
about 1 GJ/capita. The input exergy for the food-producing sector resulted to be about 20
GJ/capita. Food consumption, representing the outflow for food production, was estimated
about 4 GJ/capita. Consequently the exergy dissipation can be estimated in 9.67 GJ/capita;
4. Electricity, hydroelectric power and thermal power: electricity is used in the forest industry,
food production, lighting, heating, cooling, mechanical drives, electrochemical processes
and other generic uses in households and in the commercial sector. About 1.73 GJ/capita
were used in the mechanical and textile industries, 1.6 GJ/capita for metal production, 1.23
GJ/capita for chemicals, 0.38 GJ/capita in the transportation sector, 0.8 GJ/capita in the
ceramic and other industries, and 5.82 GJ/capita in the household and commercial sectors. In
1990, the production of electricity was 2.58 GJ/capita as hydro-power, 1GJ/capita as
geothermal energy, 11.15 GJ/capita as thermal power plants , 2.16 GJ/capita as importation:
the total production of electricity was 15.71 GJ/capita, of which 2.32 GJ/capita was lost
along the electric network;
5. Metals: the metal industry was completely composed by steel production. The use of scrap
metal was about 3.85 GJ/capita. The production of steel was 25.5 Mt and cast iron was 11.9
Mt, representing 4.47 GJ/capita, while the exergy obtained from other metals was 0.36
GJ/capita. The total metal production used 4.83 GJ/capita of which about 4.43 GJ/capita of
coal for coke production and other fuels and 1.67 GJ/capita of electricity were needed;
6. Chemical fuels: the uses of natural gas amounted to 28.38 GI/capita, of oil to 68.01
GJ/capita and of coal to 10.22 GJ/capita. In the chemical industry, fuels are also used as raw
materials so a large fraction of the exergy remains in the products and the relative
conversion losses are moderate. Moreover, 12.11 GJ/capita of chemical fuels were
converted into asphalt, grease, lubricants, rubber, plastics, fertilizers, etc. The transportation
system used about 25 GJ/capita of fuel. About 7.11 GJ/capita were used by the energy sector
14

for oil refineries and 18.92 GJ/capita for direct conversion into heat in households, in the
commercial sector, etc., while 27.74 GJ/capita were used for the production of electricity in
thermal power plants, 6.33 GJ/capita mainly for heat production in the ceramic industry and
2.10 GJ/capita were used in the mechanical and textile industries;
7. The energy loss in the conversion into heat and cold: in space heating, the need of heating is
entirely dependent on the ambient temperature; considering a constant indoor temperature of
20°C, the exergy factor was about 0.03. Moreover, 3% was assumed to be the exergy
percentage of the indoor energy during the heating and cooling seasons in Italy. Other losses
such as exhaust gases are small in comparison with this loss. Exergy for space heating and
air-conditioning is obtained by multiplying the supplied energy by the energy efficiency,
which is assumed to be 0.7 with the exergy factor of 0.03, obtaining 0.02.
The result is that the inflow exergy of resources was 140 GJ/capita (1 GJ/capita = 16.0175 TWh),
while the output exergy was 25 GJ/capita and the electric work produced was 13.55 GJ/capita. The
consequent unavailability, evaluated using the relation (6), results Ex = 101.45 GJ/capita = 5.85 EJ
and the unavailability percentage results of 72%, pointed out that in 1990 Italy did not efficiently
use technologies, with the 1990 economic results. The evaluation of the unavailability percentage is
represented in Figure 1 in relation to the total inflow exergy and in Figure 2 in relation to the total
unavailability. Figure 1 represents the unavailability percentage for Italy in relation to the total
inflow exergy. Figure 2 points out the distribution of the the unavailability percentage for Italy in
relation to the Italy total unavailability. These figures shows how the unavailability percentage
allows us to compare dissipation among different production sectors. This application points out
that the unavailability percentage allows comparing the dissipation among different production
sectors, which involve different processes and technologies.
This result must be confirmed by considering also other models. To do so, we introduce a
second example of the use of the unavailability percentage (exergy unefficiency): the analysis of the
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district of Alessandria. In relation to the data available, related only to the year 2004, we can
consider only the flows of exergy from energy resources, neglect of the flows of products and
services [18]. Alessandria is an Italian district of Piedmont region, which covers a surface of 3,560
km2, with a population of around 440,613 people, including 190 municipalities, among which the
administrative centre: the municipality of Alessandria. We analyze just the municipality of
Alessandria, which covers 204 km2 with a population of 93,922 people. We consider the following
exergy flows only related to the city management in order to obtain information from the energy
management of the city administration [18]:
1. The exergy inflow from the tertiary sector: it is distinguishing trait mainly from
consumption of building heatings, water systems and electrical appliances, from electricity
you obtain low temperature heat, from fuels, which consists of Electricity 712 TJ (85% for
low temperature heat) and Fuels 559 TJ, with a total amount of 1,271 TJ;
2. The exergy outflow from the tertiary sector uses: Electricity 289 TJ (low temperature heat
182 TJ, other uses 107 TJ) and Fuels 148 TJ, with a total amount of 437 TJ;
3. The exergy inflow from the residencial sector: the consumptions of this branch are mainly
for residential use for residential lightening, heating, etc.: Electricity 309 TJ and Fuels 2,825
TJ, with a total amount of 3,134 TJ;
4. The exergy outflow from the residential sector uses: Electricity 125 TJ (low temperature
heat 79 TJ, other uses 46 TJ), and Fuels 992 TJ, with a total amount of 1,117 TJ;
5. The exergy inflow from the public transport: This sector receives in input fuel and in output
mainly produces mechanical power: Electricity 14 TJ and Fuels 29 TJ, with a total amount
of 43 TJ;
6. The exergy outflow from the public transport: Electricity 0 TJ, and Fuels 10 TJ, with a total
amount of 10 TJ;
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7. The exergy inflow from the private transport: This sector receives in input fuel and in output
mainly produces mechanical power: Electricity 0 TJ and Fuels 2,230 TJ, with a total amount
of 2,230 TJ;
8. The exergy outflow from the private transport: Electricity 0 TJ, and Fuels 652 TJ, with a
total amount of 652 TJ;
with a total exergy inflow of 6,678 TJ and exergy outflow 2,216 TJ and an exergy lost of 4,462 TJ.
So, we can evaluate the unavailability percentage as 66.8%.
Now, we can consider possible policy decision of the city administration, as follows:
1. introduce district heating: it would reduce
i. the exergy inflow for tertiary sector of electricity uses to 107 TJ for the electricity and to 0
TJ for the fuels;
ii. of the 90% of fuels for the exergy inflow and outflow from the residential sector;
2. improve the public transportation: it would:
i. improve, for public sector, the exergy inflow to 100 TJ and the exergy outflow to 34 TJ;
ii. decrease, for private sector, the exergy inflow to 1,400 TJ and the exergy outflow to 409
TJ.
The result of these two energy management decision is to reduce the unavailability percentage
to 0.338, with a better energy management. We can also compare this result with an economic
indicator, the equivalent primary resource value for the work-hour EI, defined as:

EI 

Exin
nh nw

(8)

where nh is the number or work hour and nw the number of workers. This quantity indicates the
exergetic cost necessary to support the workhours and to generate capital flows. For Alessandria
city, the number of worker in 2004 was 21,289, while the work hours per worker were 1819, so the
indicator EI results 172 MJ/workhour when the unavailability percentage is 66.8% and 52
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MJ/workhour when the unavailability percentage is 33.8%. We can highlight how EI is reduced to
one third by halvingthe unavailability percentage.
The third example is the power generation. Four cases will be considered. This example will
underline as the unavailability percentage allows comparing the different technologies involved in
industrial production. The first plant (Case A) is a power plant working at a conventional Rankine
steam cycle with a power output of 232.6 MW, as analysed by Verkhivevker and Kosoy [92]; the
plant produces both electricity and heat without reheaters. The exergy analysis determined a value
of exiting exergy of 144.73 MW (entering exergy 386.10 MW, generated electric power 88.70 MW)
and that the exergy destruction was caused by the irreversibility associated with the combustion
process, heating of the process fluid and the heat transfer to the heat exchangers [92]. A decrease in
exergy destruction was obtained by
1. Increasing the thermodynamic parameters of the working fluid supplied at the turbine and
by reducing the temperature differences of the heaters (Case B): the exergy becomes 174.25
MW (entering exergy 469.03 MW, generated electric power 118.22 MW);
2. Inserting a reheater between the first and the second stage of the turbine and increasing the
upper boiler pressure (Case C): the exergy becomes 168.11 MW (entering exergy 442.78
MW; generated electric power 112.08).
The second plant is a Rankine cycle operating in subcritical conditions (Case D), analysed by
Regulagadda, Dincer and Naterer [93]. The generator power output is 32.00 MW. The boiler is a
circulating fluidized bed combustion boiler with a capacity of 140 TPH of steam at 100% BMCR at
the rated steam parameters. The power plant is designed to utilize an air cooled condenser to
condense the exhaust steam. Coal is the supply fuel of the power plant, with the following
components: moisture = 25%, ash = 0.88%, hydrogen = 4.06%, nitrogen = 1.10%, sulphur =
0.075%, oxygen = 7.94%, carbon = 60.95%, GCV = 21,981.75 kJ/kg. The input exergy is 72.26
MW, while the output exergy is 28.64 MW, Ta = 293 K and TH = 790 K.
18

The evaluation of the unavailability percentage for these plants is summarized in Table 1. The
result is that a great difference in the unavailability percentage exists only if there is a difference in
technology. The value of similar technologies is comparable, even if little differences exist in
relation to the optimization of the process, but the great difference can be obtained only with
different technologies. The result is also represented in Figure 3 from which it must be underlined
that Case A, B and C are the optimization of the same technology, while Case D involves another
technology. Figure 3 shows this difference; indeed, even if the three Cases A, B and C are
optimized in a different way, their fundamental technological level is similar, so their energy
percentage is about equal, while case D assume a very different value because it involves a different
technological level. We can highlight how the use of a technology involves the use of some
physical and chemical processes and that these processes present an upper limit of conversion of
energy. Consequently, the process of optimization is limited by the specific nature of the process
involved.
Now, we consider a power production system with the use of solar energy, which consists of
two subsystems [95]:
1. The collector–receiver circuit consists of a number of parabolic collectors, arranged in modules
that operate in tracking mode so that the working fluid goes through them.
2. The heat engine circuit, which is a Rankine cycle, consists of a boiler heat exchanger, a twostage turbine, a pump and a regenerator. The cold fluid enters the collector at a temperature of
230°C and exits at a temperature of 288.5°C. The hot fluid enters the boiler heat exchanger
where it heats up the working fluid of the heat engine, in this case ammonia. Ammonia enters
the exchanger at 185°C and exits at 245°C. The temperature of the condenser is 100°C and the
ambient temperature is 30°C.
The unavailability percentage of this power system can be evaluated by the exergy analysis
developed in Reference [95] and results 74.5%. The unavailability percentage analysis of the plant
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highlights how this plant can be improved. Indeed, the unavailability percentage in the heat engine
subsystem results 72.4%, greater than that unavailability percentage in the collector–receiver
subsystem which results 56.30% [95]. The high unavailability percentage in the collector–receiver
subsystem is the consequence of the great quality of lost energy in this subsystem, while in the heat
engine subsystem the lost energy is of low quality. Consequently, the technological research must
be developed in order to reduce the loss of the high quality energy.

5. - Conclusions
The fundamentals of sustainable development can be related to economics, environment and
society. Indeed, a sustainable system must [94]:
1. Be able to produce goods and services, to maintain manageable levels of government and
external debt and to avoid damages to agricultural or industrial production;
2. Maintain a stable resource base, biodiversity, atmospheric stability;
3. Achieve fairness in distribution, opportunity and adequate provision of social services.
These three topics of sustainability introduce a multidimensional approach based on the balance of
different needs. Indeed, the economic sustainability requires that manufactured capital, natural
capital, human capital and social capital must be maintained over the long term, the conservation of
ecosystems and natural resources is essential for sustainable economic production and
intergenerational equity and the social equity is the basic element of development and is interrelated
with environmental sustainability [94].
All these consideration are related to the technological development and its evaluation in
relation to the processes used in the production activities.
In this paper the unavailability percentage is suggested as an indicator of the level of
technological development, in relation to the optimized use of energy. This quantity, which is not a
universal indicator in relation to the environmental impact [26], can be used in economic and socio20

political evaluation. Indeed, the unavailability percentage is related to the exergy lost during a
process, so it can provide information on the optimization level obtained by a technology or it can
be useful to compare different technologies. Some examples have been proposed:
1. The comparison between different sector of production in a Country (Italy);
2. The improvement of the sustainable and economic condition of a municipality (Alessandria
municipality);
3. The comparison between two different technologies and different optimization level in the
power production;
4. The analysis of the power generation by a sustainable source.
The results have been analyzed and summarized in Figures 1, 2 and 3. Figure 1 represents the
unavailability percentage for Italy in relation to the total inflow exergy. Figure 2 points out the
distribution of the the unavailability percentage for Italy in relation to the Italy total unavailability.
They allow us to highlight how the unavailability percentage can be used to compare dissipation
among different production sectors. Figure 3 shows the use of the unavailability percentage in
relation to the analysis of the present technologies. Indeed, the three cases A, B and C are the no
more than three different ways of optimisation of the same technology, the fundamental
technological level results similar. Consequently, their energy percentage is about equal. The case D
assumes a very different value because it is a completely different technological level. So, the result
highlights how unavailability percentage can be useful to point out the difference in the
technological levels.
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Figure 1 – Unavailability percentage evaluated on the inflow total exergy
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Figure 2 – Unavailability percentage evaluated on the total Unavailability
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Figure 3 – Unavailability percentage for two different technologies ((A,B,C) and D) and three
different solutions for one technology (A,B,C)
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Table 1 – Unavailability percentage for two different technologies ((A,B,C) and D) and three
different solutions for one technology (A,B,C)
Input exergy [MW]

Unavailability [MW]

unavailability
percentage %

Case A

386.10

241.37

62.52

Case B

469.03

294.78

62.85

Case C

442.78

274.67

62.03

Case D

72.26

11.62

16.08
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