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a b s t r a c t

In this work, an analysis is being done on the concept of energy and exergy utilization and an

application to the residential and industrial sector of Greece. The energy and exergy flows over the

period from 1990 to 2004 were taken into consideration. This period was chosen based on the data

reliability. The energy and exergy efficiencies are calculated for the residential and industrial sectors

and compared to the findings of a previous study concerning the exergy efficiency of the Greek

transport sector. The residential energy and exergy efficiencies for the year 2003 were 22.36% and

20.92%, respectively, whereas the industrial energy and exergy efficiencies for the same year were

53.72% and 51.34%, respectively. The analysis of energy and exergy utilization determines the efficiency

of the economy as a whole. The results can play an important role in the establishment of efficiency

standards of the energy use in various economy sectors. These standards could be utilized by energy

policy makers.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Energy constitutes an essential ingredient for social develop-
ment and economic growth. Energy is the provider of basic needs
and services (heating, cooling, lighting, cooking, and transporta-
tion) and is a critical production factor in virtually all sectors of
industry.

The exergy of any energy form or a substance can be con-
sidered as the measure of its usefulness or quality or potential to
cause change (Rosen and Dincer, 1997a). An exergy analysis aims
to determine the maximum performance of a system under study
and/or identify the sites of exergy destruction. The identification
of the parts of the system where exergy destruction takes place
can show the road towards potential improvements (Kanoglu
et al., 2005). Recently, there has been increasing interest in using
exergy analysis modeling techniques for energy-utilization
assessments so as to attain energy savings. To be more specific,
during the last decades, various studies have been carried out on
energy and exergy utilization for many countries, such as USA
(Reistad, 1975), Canada (Rosen, 1992), Japan, Finland and Sweden
(Wall, 1990), Italy (Wall et al., 1994), Turkey (Ozdogan and Arikol,
1995; Rosen and Dincer, 1997b; Utlu and Hepabasli, 2003, 2005),
the UK (Hammond and Stapleton, 2001), Norway (Ertesvag and
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Mielnik, 2000; Ertesvag, 2005), China (Xi and Chen, 2005) as well
as Saudi Arabia (Dincer et al., 2004a, b, c). The approaches used to
analyze energy utilization of countries or societies may be
grouped into three types, namely, Reistad’s approach, Wall’s
approach, and Sciubba’s approach (Utlu and Hepbasli, 2007).
Furthermore, the linkages between energy and exergy, exergy
and the environment, energy and sustainable development, as
well as energy policy making and exergy, have been described in
detail (Dincer, 2002). In this regard, it can be stressed that the
potential usefulness of exergy analysis in sectoral energy utiliza-
tion is substantial, and that the role of exergy in energy policy
making activities is crucial (Dincer et al., 2004b).

There has been a number of studies undertaken to analyze the
sectoral energy utilization of several countries; nevertheless,
there has not been any study done (with the exception of a study
on transport exergy analysis (Koroneos and Nanaki, 2007)) on
exergy and energy utilization concerning the residential, tertiary,
industrial, agricultural, and electrical utility sectors of Greece. To
fill the gap, a study on the evaluation of energy utilization
efficiency in the Greek residential and industrial sectors using
energy and exergy analysis is carried out. In order to conduct an
energy and exergy analysis for the residential and industrial
sector of Greece, energy end-use quantities for these sectors and
operational data of the major procedures were utilized. The
energy use in the residential and industrial sectors is mainly in
the form of electricity or the direct use of fossil fuels. As far as the
residential sector is concerned, space heaters, water heaters, and
cooking appliances are the principal energy conversion devices
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Nomenclature

E exergy
EPH physical exergy
EKN kinetic exergy
EPT potential exergy
ECH chemical exergy
e total specific exergy
T0 temperature of the environment
ni ith mole number
mi chemical potential of substance i in its present state
mio chemical potential of substance i in its environ-

mental state

ci chemical concentration of substance i in its present
state

cio chemical concentration of substance i in its environ-
mental state

n energy efficiency
w exergy efficiency
woverall weighted mean overall exergy efficiency
ni energy efficiency of the ith sectoral mode
gk exergy factor of the kth energy form
Frik exergy fraction of the kth energy form used by the ith

sectoral mode
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used. The industrial sector includes mines, steam generation, pulp
and paper mills, cement and iron mills, petroleum refining,
smelting and refining as well as other non-energy uses.

The objective of this work is to apply the energy and exergy
analysis to the country of Greece for its residential and industrial
sector for a period of 1990–2004, with the anticipation that it will
provide the policy makers with appropriate knowledge on how
efficiently Greece uses its natural resources. The sectoral data
used for this energy and exergy analyses were taken from the
databases of the Greek Ministry of Development (Database of the
Greek Ministry of Development). In addition, the exergy and
energy efficiencies of the electric devices concerning the residen-
tial and industrial sectors are evaluated using the sectoral data
and also taking into account the appropriate energy conversion
efficiencies for the European OECD countries (Nakićenović et al.,
1996). Weighted mean energy and exergy efficiencies are calcu-
lated for the overall residential, industrial, tertiary, and agricul-
tural sectors. Data concerning the transportation sector have as
origin a previous work by the authors (Koroneos and Nanaki,
2007). A comparison of the overall energy and exergy efficiencies
of the Greek residential and industrial sectors with the Greek
transportation sector is also presented.
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Fig. 1. Greece’s Total Primary Energy Production (TPEP) and Final Energy Con-

sumption (FEC) for the period 1990–2004 (Eurostat’s database, 2006).
2. Greece’s energy profile

Greece has a total area of 13,195,740 ha and is located at the
southern part of Europe. The total population of the country is
approximately 10.35 million, with an increase of 6.5% during the
last decades (General Secretariat of National Statistical Service of
Greece, 2006). Oil is Greece’s most important fuel source,
accounting for approximately 63% of total energy consumption
in 2003. Greece has natural gas reserves of only 35 billion cubic
feet and produces negligible amounts. Greece currently consumes
2.8 billion cubic meters of gas per year of which 2.2 billion cubic
meters come from Russia via pipeline, and the rest come from
Algeria in liquefied form. Consumption, however, has increased
significantly from 15,000.0 t of oil equivalent (toe) in 1990 to
461,000.0 toe in 2004, and is expected to continue to
increase—possibly tripling over the next ten years (Fig. 1).

Lignite is Greece’s only significant fossil fuel resource, with
reserves reaching 4.3 billion short tons. In 1998 lignite stood up to
almost 80% of inlands electricity production whereas 18% came
from hydroelectric sources and 2% from crude oil. In 2004 lignite
production reached 8547 thousand toe. Greece has no hard coal
reserves; for this reason hard coal is imported from South Africa,
Russia, Venezuela, and Colombia. As far as the electricity genera-
tion is concerned, in 2004 Greece generated 55.5 billion kW h of
electricity, of which approximately 76% came from steam tur-
bines, 20% came from hydroelectric sources, and 4% came from
other renewable energy sources. The majority of the steam based
electricity is of lignite-base while new plants will be gas-fired.
Over the past decade electricity demand has grown nearly 50%. In
addition, Law 2773/99 and its later revision, Law 3175/03,
established the liberalization of the electricity market in Greece,
in agreement with the provisions of the EU Directive 96/92/EC,
concerning ‘‘common rules for the internal market in electricity’’.

In order to meet European Union mandates, renewable elec-
tricity generation projects are on the rise in Greece. The use of
wind power is not particularly extensive but significant develop-
ment in this direction has taken place in the last years. The
wind parks in 2005 had a total installed capacity pf 573 MW.
The use of solar energy is satisfactory, with its capacity reaching
1, 4 billions kW h each year.
3. Energy and exergy analysis

As a fundamental measure of the thermodynamic deviation of
a considered system from its environment, exergy is equal to the
maximum amount of work the system can perform when brought
into thermodynamic equilibrium with its reference environment.
Unlike energy, exergy is not subject to a conservation law with
the exception of ideal or reversible processes. The exergy con-
sumption during a process is proportional to the entropy created
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due to irreversibilities associated with the process. The total
exergy of a system E is divided into four components: physical
exergy EPH, kinetic exergy EKN, potential exergy EPT, and chemical
exergy ECH

E¼ EPHþEKNþEPTþECH ð1Þ

It is often convenient to work on a unit of mass or molar basis.
The total specific exergy on a mass basis is given by

e¼ ePHþeKNþePTþeCH ð2Þ

The exergy content of different energy and material resources
is presented in detail by Wall (1977, 1986). The exergy of
substances and materials is given by the following equation:

Ex ¼
X

i

niðmi�mi0ÞþRTo

X

i

ni ln
ci

cio
ð3Þ

where T0 is the temperature of the environment; ni is the ith mole
number; mi is the chemical potential of substance i in its present
state; mio is the chemical potential of substance i in its environ-
mental state; ci is the chemical concentration of substance i in its
present state, and cio is the chemical concentration of substance i

in its environmental state.
The exergy approach is used to represent in a coherent way

both the quantity and the quality of the different forms of energy
considered. The concept of exergy presents the major advantage
of efficiency definitions, which are compatible with all cases of
conversion of energy resources into useful energy services (heat
and electricity, heat–cold–electricity, refrigeration, heat pumps,
etc.) and for all domains of use of energy.

The expressions of energy (n) and exergy (w) efficiencies for
the principal types of processes considered in the present work
are based on the following definitions: energy efficiency is
defined as

ðnÞ ¼work=energy input ð4Þ

whereas exergy efficiency is defined as

ðwÞ ¼work=exergy input ð5Þ
Table 1
Energy and exergy efficiencies for selected processes (Rosen and Dincer, 1997a;

Gaggioli, 1980).

Process Energy
efficiency (%)

Exergy
efficiency (%)

Petroleum refining �90 10

Residential heater (fuel) 60 9

Domestic water heater (fuel) 40 2–3

Coal gasification (high heat) 55 46

Steam-heated reboiler �100 40

Blast furnace 76 46

High-pressure steam boiler 90 50

Table 2
Exergy factors of energy carriers—exergy divided by energy (Ertesvag and Mielnik,

2000; Ertesvag, 2005).

Energy carriers Exergy factors

Waterfall energy 1

Electrical energy 1

Oil, petroleum products 1.06

Natural gas 1.04

Coal 1.06

Coke 1.05

Fuel wood (20% humidity) 1.11
it is obvious that

w¼ n=g ð6Þ

The exergy efficiency is equal to the conventional energy
efficiency divided by the exergy factor. The weighted mean
overall exergy efficiency is calculated as

woverall ¼
X

i,k

ðni=gkÞ � Frik ð7Þ

where woverall expresses the weighted mean overall exergy
efficiency, ni stands for the energy efficiency of the ith sectoral
mode under study (residential, industrial, tertiary, agricultural,
transportation), gk is the exergy factor of the kth energy form and
Frik denotes the exergy fraction of the kth energy form used by the
ith sectoral mode under study.

The distinction between energy and exergy efficiencies for
selected processes is highlighted in Table 1. The exergy content for
mechanical and electrical energy is equal to the energy content. The
exergy factors for different carries are presented in Table 2. The
energy efficiencies stand for the energy of the useful streams leaving
the process divided by the energy of all entering streams. The exergy
efficiencies stand for the ratio of the exergy contained in the
products of a process to the exergy in all input streams. It is noticed
(Table 1) that the exergy efficiencies are lower than the energy
efficiencies; this is attributed to the destruction of the input exergy
due to irreversibilities. Thus, the exergy efficiency gives a finer
understanding of performance than the energy efficiency.
4. Results and discussion

The time variation of total exergy consumption in the Greek
residential, industrial, tertiary, agricultural, and transportation
sector from 1990 to 2004 is shown in Fig. 2. There are some data
missing for the tertiary sector, due to limited data sources for the
years 2003 and 2004. The exergy consumption expressed by the
ascending curves in Fig. 2 illuminates the increasing demand for
mobility in Greece to a great extent. The transportation sector is
the one with the highest exergy consumption followed by the
industrial and residential sectors. This makes the transport sector
to be regarded as a crucial factor for social economic
development.

The analysis of energy and exergy use in the residential and
industrial sector of Greece is based on the methodology presented
in the previous section. Mean energy and exergy efficiencies for
each sector are calculated by multiplying the energy used in each
end use by the corresponding efficiency for that end use. A
breakdown of the energy used in each sector is presented in
Exergy consumption 
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Fig. 2. Exergy consumed by each sector over the period 1990–2004.
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Tables 3 and 4. A weighted mean is obtained for each sector’s
energy efficiencies as listed in Tables 3 and 4, where the weight-
ing factor is the fraction of the total energy input which supplies
Table 4
Energy used in the Greek industrial sector for the period from 1990 to 2004.

Year 1990 1991

Main energy forms ElEC/TY Coal DSL N.G Biomass ElEC/TY Coa

Exergy term (PJ) 43.53 52.16 92.58 4.57 5.57 42.86 51.

Fraction 0.22 0.26 0.47 0.02 0.03 0.22 0.

Year 1993 1994

Main energy forms ElEC/TY Coal DSL N.G Biomass ElEC/TY Coa

Exergy term (PJ) 40.86 45.98 83.76 2.71 5.57 41.94 44.

Fraction 0.23 0.26 0.47 0.02 0.03 0.24 0.

Year 1996 1997

Main energy forms ElEC/TY Coal DSL N.G Biomass ElEC/TY Coa

Exergy term (PJ) 43.62 43.30 110.77 0.61 9.52 44.75 40.

Fraction 0.21 0.21 0.53 0.00 0.05 0.21 0.

Year 1999 2000

Main energy forms ElEC/TY Coal DSL N.G Biomass ElEC/TY Coa

Exergy term (PJ) 46.42 32.62 103.51 14.67 9.67 48.81 37.

Fraction 0.22 0.16 0.50 0.07 0.05 0.22 0.

Year 2002 2003

Main energy forms ElEC/TY Coal DSL N.G Biomass ElEC/TY Coa

Exergy term (PJ) 50.90 30.71 89.93 16.63 11.43 50.95 27.

Fraction 0.26 0.15 0.45 0.08 0.06 0.27 0.

Table 3
Energy used in the Greek residential sector for the period from 1990 to 2004.

Year 1990 1991

Main energy forms ElEC/TY DSL N.G Biomass Solar ElEC/TY DS

Exergy term (PJ) 32.65 67.72 0.09 15.98 2.18 36.04 6

Fraction 0.28 0.57 0.00 0.13 0.02 0.30

Year 1993 1994

Main energy forms ElEC/TY DSL N.G Biomass Solar ElEC/TY DS

Exergy term (PJ) 37.72 65.48 0.13 15.98 2.88 39.35 6

Fraction 0.31 0.54 0.00 0.13 0.02 0.32

Year 1996 1997

Main energy forms ElEC/TY DSL N.G Biomass Solar ElEC/TY DS

Exergy term (PJ) 44.12 93.97 0.13 32.62 3.31 44.71 9

Fraction 0.25 0.54 0.00 0.19 0.02 0.25

Year 1999 2000

Main energy forms ElEC/TY DSL N.G Biomass Solar ElEC/TY DS

Exergy term (PJ) 48.52 101.49 0.17 32.62 3.74 51.15 10

Fraction 0.26 0.54 0.00 0.17 0.02 0.26

Year 2002 2003

Main energy forms ElEC/TY DSL N.G Biomass Solar ElEC/TY DS

Exergy term (PJ) 56.80 122.95 0.39 32.62 3.90 59.20 12

Fraction 0.26 0.57 0.00 0.15 0.02 0.32
each sector. It is noted that the exergy factors used for the
calculations are 1 for electricity, 1.06 for coal, 1.07 for diesel,
1.04 for natural gas, and 1.11 for biomass.
1992

l DSL N.G Biomass ElEC/TY Coal DSL N.G Biomass

65 89.23 4.32 5.57 42.32 44.37 89.93 4.04 5.57

27 0.46 0.02 0.03 0.23 0.24 0.48 0.02 0.03

1995

l DSL N.G Biomass ElEC/TY Coal DSL N.G Biomass

82 84.16 0.49 5.57 43.41 44.57 98.63 0.48 5.57

25 0.48 0.00 0.03 0.23 0.23 0.51 0.00 0.03

1998

l DSL N.G Biomass ElEC/TY Coal DSL N.G Biomass

35 113.38 3.37 9.67 46.46 40.63 110.42 14.36 9.52

19 0.54 0.02 0.05 0.21 0.18 0.50 0.06 0.04

2001

l DSL N.G Biomass ElEC/TY Coal DSL N.G Biomass

94 112.96 15.85 11.20 49.56 38.61 112.78 15.76 10.82

17 0.50 0.07 0.05 0.22 0.17 0.50 0.07 0.05

2004

l DSL N.G Biomass ElEC/TY Coal DSL N.G Biomass

83 74.90 21.87 11.10 42.24 74.23 74.54 19.06 11.10

15 0.40 0.12 0.06 0.19 0.34 0.34 0.09 0.05

1992

L N.G Biomass Solar ElEC/TY DSL N.G Biomass Solar

7.32 0.09 15.98 2.46 38.22 66.02 0.17 15.98 2.69

0.55 0.00 0.13 0.02 0.31 0.54 0.00 0.13 0.02

1995

L N.G Biomass Solar ElEC/TY DSL N.G Biomass Solar

5.89 0.09 15.98 3.04 41.44 69.20 0.13 20.02 3.19

0.53 0.00 0.13 0.02 0.31 0.52 0.00 0.15 0.02

1998

L N.G Biomass Solar ElEC/TY DSL N.G Biomass Solar

8.23 0.13 32.62 3.47 46.05 103.20 0.57 32.62 3.62

0.55 0.00 0.18 0.02 0.25 0.55 0.00 0.18 0.02

2001

L N.G Biomass Solar ElEC/TY DSL N.G Biomass Solar

9.82 0.22 32.62 3.81 52.37 118.29 0.22 32.62 3.85

0.56 0.00 0.17 0.02 0.25 0.57 0.00 0.16 0.02

2004

L N.G Biomass Solar ElEC/TY DSL N.G Biomass Solar

3.05 0.90 0.00 0.00 60.66 135.62 1.53 0.00 0.00

0.67 0.00 0.00 0.00 0.31 0.69 0.01 0.00 0.00



Table 5
Average operation ratings for the devices used in the Greek residential sector.

Coal Ren. fuel Oil Gas Electricity Avg.

Residential
Cooking 0.14 0.10 0.22 0.27 0.60 0.27

Washer, dishwasher 0.76 0.76

Space heating 0.34 0.24 0.55 0.62 1.00 0.55

Hot tap water 0.18 0.12 0.44 0.45 0.67 0.37

Space cooling 0.46 0.60 0.88 0.65

Refrigeration 0.47 0.47

Mechanical energy 0.12 0.22 0.54 0.30

Lighting 0.02 0.03 0.04 0.03

EDP, TV 0.11 0.11

Other household appliances 0.39 0.56 0.47

Avg. 0.22 0.16 0.30 0.37 0.56 0.40
Residential

(divided by the exergy factor of each fuel)
Cooking 0.14 0.10 0.20 0.26 0.60 0.26

Washer, dishwasher 0.76 0.76

Space heating 0.32 0.24 0.51 0.59 1.00 0.53

Hot tap water 0.17 0.12 0.41 0.44 0.67 0.36

Space cooling 0.43 0.58 0.88 0.63

Refrigeration 0.47 0.47

Mechanical energy 0.11 0.21 0.54 0.29

Lighting 0.02 0.03 0.04 0.03

EDP, TV 0.11 0.11

Other household appliances 0.37 0.56 0.46

Avg. 0.21 0.15 0.28 0.35 0.56 0.39
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Fig. 3. Details of the exergy consumption of the Greek residential sector over the

period 1990–2004.

Table 6
Average operation ratings of the different processes of the Greek industrial sector.

Coal Ren.
fuel

Oil Gas Electricity Avg.

Industrial
Process heat, low and medium

temperature

0.54 0.62 0.67 0.66 0.91 0.68

High temperature heat,

electrolysis

0.36 0.45 0.58 0.67 0.52

Mechanical energy 0.23 0.26 0.70 0.40

Other industrial uses 0.55 0.72 0.53 0.59 0.56 0.59

Avg. 0.48 0.67 0.47 0.52 0.71 0.55

Industrial (divided by the exergy factor of each fuel)
Process heat, low and medium

temperature

0.51 0.61 0.62 0.64 0.91 0.66

High temperature heat,

electrolysis

0.34 0.42 0.56 0.67 0.50

Mechanical energy 0.21 0.25 0.70 0.39

Other industrial uses 0.52 0.71 0.50 0.56 0.56 0.57

Avg. 0.46 0.66 0.44 0.50 0.71 0.53

Table 7
Residential exergy efficiency in 2000.

Main energy
forms

Average
estimated
operating (h)

Fraction Product woverall

(%)

Coal 0.22 0.00

34.16

Ren. fuel (biomass) 0.16 0.17 0.03

Ren. fuel (solar) 0.16 0.02 0.00

Ren. fuel
(geothermal)

0.16 0.00

Oil 0.30 0.56 0.17

Gas 0.37 0.00 0.00

Electricity 0.56 0.26 0.15

0.3416
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The breakdown of energy use in the residential sector is split
into three main components: electrical, fossil fuel (diesel oil and
natural gas) and renewable energy (biomass and solar energy).
Electrical appliances use energy from an electrical source, while
non-electrical appliances use energy from fossil fuel sources. The
exergy consumption of diesel oil has increased significantly over
the past decade (Fig. 3). The highest exergy contributions in 2004
came from diesel oil with 135.62 PJ. Natural gas constituted
1.53 PJ of used energy in 2004. The utilization of electricity came
to 60.66 PJ for the same year. In addition, utilization of renewable
energy is common in the residential sector, especially the use of
solar energy for water heating and also the use of biomass.

To assess the technical performance of residential appliances,
the exergy efficiency of an appliance is taken as a percentage of
the work output over the exergy input (Eq. (5)). Then, the exergy
efficiency for the whole sector is the weighted average of the
exergy efficiencies of all the appliances. Due to lack of data,
ratings of the appliances used in the residential sector are based
on the findings of Nakićenović et al. (1996). The average opera-
tional rating for different appliances is shown in Table 5. Based on
the exergy fraction listed in Table 3, and the estimated energy
efficiencies as well as the estimated average operational efficien-
cies listed in Table 5, the overall exergy efficiency for the
residential sector, in 2000, is calculated by (Table 7)

woverall ¼ ð0:15533Þ � 0:165072þð0:15533Þ � 0:019294

þð0:3 Þ � 0:555715þð0: 36871Þ � 0:0011
þð0: 5633Þ � 0:25882¼ 34:16% ð8Þ

The overall exergy and energy efficiency for the Greek resi-
dential sector over the period 1990–2002 are presented in Fig. 4.
It can be seen that exergy efficiency was lower than its corre-
sponding energy efficiency while both energy and exergy effi-
ciencies were reduced during the past decade. By comparison,
exergy efficiencies for the residential sector are reported to be
about 12% for Norway in 1995 (Ertesvag and Mielnik, 2000), 9%
for Saudi Arabia in 1990–2001 (Dincer et al., 2004a), 22% for
Turkey in 2004–2005 (Utlu and Hepabasli, 2005), 23% for Brazil in
2001, 13% for Sweden in 1994, 15% for Canada in 1986, 3% for
Japan in 1985 (Ertesvag, 2001), and 10% for China in 1983 (Chen
and Chen, 2006).

As far as the industrial sector is concerned, the breakdown of
energy is also separated into three main components, namely
electrical, fossil fuel (diesel oil, natural gas, and coal), and
renewable energy (biomass). Details of the exergy use of the
industrial sector for the period from 1990 to 2004 are shown
clearly in Fig. 5. It is evident that the diesel exergy consumption
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Fig. 4. Exergy consumed by each sector over the period 1990–2004.
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period 1990–2004.

Table 8
Industrial exergy efficiency in 2000.

Main energy forms Average estimated
operating

Fraction Product woverall

(%)

Coal 0.46 0.17 0.08

51.58

Ren. fuel
(biomass)

0.66 0.05 0.03

Ren. fuel (solar)
Ren. fuel

(geothermal)
Oil 0.44 0.50 0.22

Gas 0.50 0.07 0.04

Electricity 0.71 0.22 0.15
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Fig. 6. Overall mean energy and exergy efficiencies for the industrial sector in

Greece over the period 1990–2004.
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Fig. 7. Overall mean energy and exergy efficiencies for the transport sector in

Greece over the period 1990–2003.
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has significantly reduced over the past decade. The highest exergy
contributions in 2004 came from diesel oil with 74.9 PJ and coal
with 74.23 PJ, respectively. The exergy consumption of natural
gas has increased over the past decade. In particular, natural gas
constituted 21.87 PJ in 2004. In this sector, utilization of electri-
city was 42.24 PJ for the same year. Additionally, the use of
renewable energy is also used in the industrial sector, especially
the case of biomass (11.1 PJ in 2003). Based on the findings
of Nakićenović et al. (1996) the average operation ratings of
different processes used in the industrial sector are calculated and
are shown in Table 6. Taking into consideration the exergy
fraction listed in Table 4 and the estimated energy efficiencies,
as well as the estimated average operational efficiencies listed
in Table 6, the overall exergy efficiency for the industrial sector in
the year 2000 is calculated as the following (Table 8):

woverall ¼ ð0:456918239Þ � 0:16730þð0:657843137Þ � 0:049392

þð0:438785047Þ � 0:498154þð0:502163462Þ � 0:069897

þð0: 7115Þ � 0: 215253¼ 51:58% ð9Þ

The overall exergy and energy efficiency of the Greek indus-
trial sector over the period 1990–2004 is shown in Fig. 6. It is also
noticed that the exergy efficiency was lower than its
corresponding energy efficiency. By comparison, exergy efficien-
cies for the industrial sector are reported to be 35.51% for Turkey
in 2000 (Utlu and Hepabasli, 2004), 41% for Canada in 1986
(Rosen, 1992).

Taking into consideration the findings of an earlier study
(Koroneos and Nanaki, 2007), the energy and exergy efficiency
of the Greek transportation sector is presented in Fig. 7. According
to this study, the road transportation subsector is the most
efficient in comparison to the other subsectors (railways, marine,
and air) for the years from 1980 to 2003. The comparison of
energy efficiencies of all sectors shows that the industrial sector is
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the most energy and exergy efficient one (Fig. 8). This can be
attributed to the fuel type and the performance of the carrier.
Such an analysis can be used as a means to increase the
awareness of the notion of energy quality and degradation.
5. Conclusions

This work analyzes energy and exergy utilization in the energy
sector of Greece by considering the energy and exergy flows for the
years of 1990–2004. Energy and exergy analyses and hence effi-
ciencies for the residential and industrial sectors are then obtained
and compared to transport energy and exergy efficiencies. The
industrial sector appears to be the most energy and exergy efficient
one. It should be noted that due to non-availability of data
concerning the fuel and energy use of the appliances as well as of
industrial processes, a general methodology was employed in order
to calculate the energy and exergy efficiencies. It may also be
concluded that the exergy analysis offers constructive suggestions
for the optimization and improvement of the energy utilization
effectiveness of the sectors under study.
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Wall, G., 1986. Exergy—a useful concept. Ph.D. Thesis, Chalmers University of
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