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Abstract

The importance of energy in economic development has been globally recognised. A considerable electricity consumption increase has

taken place in Greece since the country’s incorporation in the European Union. Unfortunately, the electricity generation up to now is mainly

based on fossil fuels. As a direct result of this policy, electricity generation is one of the main contributors to the Greek air pollutant emissions.

The present work is focused on investigating in detail the corresponding nitrogen oxides emissions for the period 1995–2002. One of the most

negative observations resulting from the presented analysis is that the undesirable NOx emissions factors increase, mainly during the last

3 years of the period analysed. Moreover, annual NOx emissions continue to increase, as a result of the noteworthy electricity consumption

amplification registered during the concerned period. Therefore, local data were compared with similar information from the literature regarding

other territories and then used accordingly to evaluate the Greek compliance with the existing EU decisions (e.g. Directive 2001/80/EC). Finally,

considering that more than 90% of national electricity production is based on carbon containing fuels, further emissions of noxious nitrogen

oxides increase is expected for the next decade, unless the appropriate abatement technologies are promptly applied.
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1. Introduction

The importance of energy in economic development has

been globally recognised, since historical data confirm a

strong relationship between the energy consumption and

economic expansion. In Greece, subsequent to the country’s

incorporation in the European Union, a considerable energy

consumption increase has taken place in view of the local

economy expansion and improvement in standard of living

(Greek Regulatory Authority of Energ, 2003). National

electricity production, which practically coincides with

consumption shows an almost parabolic growth during the

period 1980–2002 (Greek Public Power Corporation, 2003),
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see Fig. 1. Thus far, unfortunately, electricity generation is

mainly based on fossil fuels, principally low quality locally

extracted lignite and imported heavy-oil (Marouli and

Kaldellis, 2001). In this context, the contribution of

renewable energy sources (mainly wind) and large hydro-

power units rated less than 10% during the entire period

examined (Kaldellis, 2003; Kaldellis et al., 2005).

Hence, electricity generation is one of the main

contributors to air pollutants emissions in the country

(Kaldellis et al., 2004b). More specifically, according to

several official reports (e.g. NOA, 2001; Greek Ministry of

Environment, 2003; European Environment Agency, 2001),

the electricity production sector is assumed responsible for

more than one half of CO2, for almost 80% of SO2 and for

approximately one third of NOx national emissions. As a

country member of the EU, Greece has accepted specific
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Fig. 1. Electricity production from fossil fuels in comparison with total electricity generation in Greece (1980–2002).
obligations concerning the reduction of the greenhouse

gas emissions (Viguier et al., 2003) and concerning the

protection of population from the dangerous toxic effects of

various harmful gases (Van der Kooij, 1998) and particle

release, like nitrogen oxides, sulphur dioxide, etc. It is,

therefore, very important for national purposes to evaluate

the time series concentrations of all these flue gases emitted

by the power stations of the corresponding national

electricity generation sector.

Since 1980s, the European Community has come to a

decision on NOx emissions by power installations in the

framework of Directive 88/609/EC on the limitation of

certain pollutants emissions from Large Combustion

Installations. Several other flue gases, e.g. carbon monoxide,

volatile organic compounds and particulate matters (PM),

are equally characterized as dangerous air pollutants.

However, the contribution of the electricity production

sector to carbon monoxide and volatile organic compound

emissions is limited (Kambezidis et al., 1995), while only

recently a systematic recording of particulate matters

production by local thermal power stations (TPS) has

commenced (Triantafyllou et al., 1999).

Electricity generation impact on national sulphur oxides

production is dominant, while its contribution on the nitrogen

oxides production is moderate. Despite this fact NOx

emissions present a more rapid escalation than the ‘‘SO2’’

(Fig. 2), following the growth in energy demand. Nitrogen

oxide production is increasing with development of the

economy, while the usage of sulphur-rich fuels is typically

decreasing with transfer to high technology economy. Hence,

some authors (Kimmel et al., 2002) suggest the investigation

of the ratio of ‘‘NOx’’ to ‘‘SO2’’ emissions as an index

characterizing the pollution and economy structure, Fig. 2.

The ‘‘N/S’’ ratio could be considered as an indicator of

economic development. For all these reasons, the work

presented here is focused on investigating in detail nitrogen
oxides emissions for the last decade (Greek PPC, 2002a,b).

Collected local data is first compared with relative informa-

tion regarding several other territories found globally in the

literature and then used to evaluate the country’s compliance

with existing EU decisions (e.g. Directives 2001/80/EC and

2001/81/EC), also considering a simple forecast of the

expected air pollutants production for the near future.
2. Greek national electricity generation system

The Greek electricity generation system (EGS) is normally

divided into two components. The first includes the

interconnected mainland electricity production network,

based on 11 large-scale power stations (total capacity of

7200 MW), using local lignite, imported heavy fuel-oil and

natural gas, Fig. 3. Fifteen large hydropower stations in

conjunction with several other small hydropower units belong

to this main branch. It has been built throughout the mainland

(Kaldellis et al., 2005) with a total capacity of 3100 MW.

During the last 5 years, several wind parks have been

erected—mainly in Southern Euboea and Thrace—with total

capacity approaching the 280 MW (Kaldellis, 2003).

The second component includes 35 medium–small

Autonomous diesel and heavy fuel-oil fired power stations

(APS), spread out all over the Aegean Archipelago (Greek

PPC, 2002b). Belonging to this group are also considered the

medium sized—heavy fuel-oil fired—power stations of

Crete and Rhodes islands (540 MW + 210 MW). Also, wind

parks of rated power higher than 100 MW are operating

throughout the Aegean Sea, partially exploiting the excellent

wind potential of the area (Kaldellis et al., 2004c).

In the study presented here, attention was only paid to the

thermal electricity production plants (Table 1), as they are

among the major air pollutant sources of the country

(Kaldellis, 1997). The national electricity production center
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Fig. 2. (NOx/SO2) emission ratio from Greek electricity generation system.
is located in West Macedonia (Greek RAE, 2003), see Fig. 3,

where the four biggest TPS (Agios Dimitrios, Kardia,

Aminteo and Ptolemaida) are operated using local lignite

deposits. In Southern Greece, a lignite-fired station operates

in Megalopolis (Peloponesse), while in central Greece one

may find a heavy-oil-fired station in Aliveri of Euboea and

two natural gas-fired TPS in the Attica major region—where

Athens is located, see Fig. 3. A new gas-fired (combined

cycle) station operates in Komotini (Thrace), while a lignite-
Fig. 3. Greek major thermal
fired one in Florina (NW, Macedonia) has recently joined the

national EGS (Greek PPC, 2002a).

Furthermore, a total power capacity of 400 MW of

mazut-fired (heavy fuel-oil) medium and small size power

stations and another 750 MW of small diesel fired internal

combustion engines should be considered. These power

stations are located in the numerous Greek islands of Aegean

Archipelago, including Crete and Rhodes islands (Greek

PPC, 2002b; Kaldellis et al., 2004c).
power stations, 2002.
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Table 1

Basic characteristics of Greek major thermal power stations

Power station Power unit Start up Rated power (MW) Fuel used Location

Liptol I 1959 10 Lignite West Macedonia

II 1965 33

Ptolemaida I 1959 125 Lignite West Macedonia

II 1962 125

III 1965 300

IV 1973 300

Kardia I 1975 300 Lignite West Macedonia

II 1975 300

III 1980 300

IV 1981 300

Agios Dimitrios I 1984 300 Lignite West Macedonia

II 1984 300

III 1985 310

IV 1986 310

V 1997 366.5

Aminteo I 1987 300 Lignite NW. Macedonia

II 1987 300

Megalopolis-A I 1970 125 Lignite Peloponessos

II 1970 125

III 1975 300

Megalopolis-B IV 1991 300 Lignite Peloponessos

Aliveri I 1953 40 Mazut Euboea

II 1953 40

III 1968 150

IV 1969 150

Lavrio I 1972 150 Mazut Attica

II 1973 300

IV 1996 174 Diesel/natural gas

New 2002a 570

Agios Georgios VIII 1997 160 Natural gas Athens

IX 1998 200

Florina I 2002a 330 Lignite NW. Macedonia

Komotini I 2002a 492 Natural gas Thrace

Linoperamata Various 1965 253 Mazut-diesel Crete

Chania Various 1969 330 Diesel Crete

Rhodes Various 1967 208 Diesel Rhodes

Autonomous power stations (APS) Various 1967 547 Diesel-mazut Aegean Archipelago
a The station has been operating, during 2002, under initial testing rates.
To illustrate the contribution of each fuel-type used in

the Greek electricity production sector, Fig. 4 displays the

time-series of national electricity generation during the last

decade. The main conclusions drawn were:
� T
here is a significant electricity production (and con-

sumption) increase during the last decade, going from

36,000 GWh in 1994 to almost 52,000 GWh in 2003.
� T
wo-thirds of national electricity generation was realized

in Western Macedonia, on the basis of local lignite, where

the TPS of Agios Dimitrios, Kardia, Aminteo and

Ptolemaida are located.
� T
he contribution of renewable energy sources to the

national electricity production—including the large hydro

power stations of the mainland—is limited and slightly

decreasing during the period examined, with respect to the

total amount of energy sources.
� A
 noticeable natural gas contribution developed during

the last 5 years of the examined period.
� T
he contribution of imported heavy fuel-oil in the local

EGS is remarkable (�15%), despite the penetration of

natural gas into mainland network. This could be

explained by the exponential electricity consumption

increase of Greek islands.
� T
he contribution of Southern Greece lignite to the

local electricity production is practically constant during

the period analysed, i.e. approximately 5000 GWh per

year.

During the observed period, there were no solid fuel

imports for electricity production, while only a small portion

from the almost 100,000,000 barrels of crude oil imported

annually was used for electricity generation. On the other

hand, more than one billion cubic meters of natural gas

per year (representing almost 1/3 of the current national

imports) were consumed by the existing TPS covering

approximately 15% of the national electricity demand. Only

a small portion (�3.5%) of the national annual electricity
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Fig. 4. Time-series of national electricity generation and fuel sources for the period 1995–2002.
demand is met by electricity imported from neighbouring

countries.
3. Time evolution of electricity-related nitrogen

oxides annual emissions

The burning of fossil fuels releases several flue gases, e.g.

nitrogen oxides, sulphur dioxide, carbon dioxide. The study

presented here—concentrated on the electricity generation

sector—is focused on investigating the time-series of

nitrogen oxides ‘‘NOx’’ production from local power

stations. NOx includes nitric oxide (NO) and nitrogen

dioxide (NO2). In some cases, small amounts of (N2O) are

produced, while this specific flue gas is said to participate in

global warming, being over 310 times more effective

(noxious) than CO2. Both NO and NO2 result from reaction
Fig. 5. Annual emissions of nitrogen oxides (NOx), attribut
between nitrogen and oxygen in very high temperatures as in

internal combustion engines, power stations, industries and

central heating systems. This chemical reaction produces

95% NO and only 5% NO2. NO is a colourless, flammable

and odourless gas, which is not a real pollutant by itself.

However, it is easily transformed to NO2, one of the most

dangerous gases (Paliatsos et al., 2002). NO2 has a brown-

red colour and a very characteristic annoying smell. It plays

a major role in the atmospheric reactions that produce ozone

and smog, while in the atmosphere NO2 is mixing with water

vapour producing nitric acid. Hence, NO2 is one of the prime

gases appearing in photochemical smog and contributing in

ground level ozone formation, and is also assumed

responsible for acid rain (Cape et al., 2003; Erisman and

Draaijers, 2003).

According to official data (Greek PPC, 2002a,b), Greek

EGS is found responsible for an annual production of more
ed to Greek power stations for electricity generation.
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than 70 ktn of nitrogen dioxide during the years 1995–2002,

marginally violating the EU emissions ceilings concerning

the limitation of ‘‘NOx’’ production from large combustion

installations (2001/80/EC). In addition, one cannot disregard

the remarkable time variation of NOx annual production

presenting a minimum in 1999 due to the remarkable natural

gas penetration replacing heavy fuel-oil of high sulphur

content. Fig. 5 shows that after 1999 the NOx production

increased gradually, despite the introduction of natural gas in

the local market. Note that, as shown in Fig. 2, the NOx

increase rate is steeper than the SO2 one.

Examining the available information more carefully, one

should stress the fact that Northern Greece lignite fired TPS

produced more than 80% of the sector’s annual production,

although the contribution of natural gas cannot be neglected.

Southern Greece lignite fired TPS produced only a small part

of sector NOx emissions (9–10%), while the contribution of

oil-fired TPS approached the 15%. The two biggest national

TPS (i.e. Agios Dimitrios, 1600 MW and Kardia, 1200 MW)

are together responsible for almost 50% of the NOx annual

release. Nevertheless, during the last 3 years of the studied

period, a considerable NOx production increase has been

observed from the operation of these two TPS.
4. Electricity generation NOx emissions factors

Using the information in Sections 2 and 3 above, it is

possible to investigate the specific air pollution factors of

every Greek thermal power station as a function of time,

concerning the NOx emissions for the studied period. In

order to get a distinct picture of the electricity related NOx

air pollution burden on every consumer, an attempt is made

to express the NOx production in relation to the amount of

electrical energy reaching the consumers, i.e. electricity

delivered to the consumption. This analysis includes the total

efficiency of the corresponding TPS and line transmission

losses (1%–5%) from the TPS to the main consumption
Fig. 6. Time series of NOx emission factors for the
centers. The coefficients given are expressed in g (or kg) of

NOx released per kWh consumed. For this purpose, one may

use measurements concerning the annual flue gas emissions of

every thermal power unit of Greek EGS along with the

corresponding net electricity generation, modified in order to

estimate energy line transmission losses.

Thus, the NOx emissions factor ej of the j TPS can be

defined as:

e j ¼
ðmNO2

Þ j
E j

(1)

where ðmNO2
Þ j is the annual mass production of equivalent

NO2 and Ej is the annual energy yield of the jth TPS,

including line transmission losses.

Calculation results shown on Fig. 6, concerning the Agios

Dimitrios 1600 MW TPS (consisting of five units), indicate

a considerable time variation of the corresponding emissions

factors on an annual basis. However, a continuous increase is

observed after 1999, excluding the second unit of the TPS,

where a new DENOX system installed in 2002. The NOx

reduced emissions factors ranged between 1.0 g/kWh to

almost 2.0 g/kWh during the last decade. All five units—

including the latest one built in 1997—show an almost

identical trend until 2001, mainly due to the similar

characteristics of the lignite consumed. This NOx emissions

value becomes even more important due to the fact that

Agios Dimitrios is the biggest Greek power station,

presenting an annual utilization factor in the order of 70%.

From the data presented in Fig. 7, one may examine the

NOx time-series emissions factors of Kardia 1200 MW TPS

units. A substantial expansion of emissions factors has been

observed after 1999—mainly due to low quality of fuels

used—pushing the corresponding values above 2.5 g/kWh

by 2003. All four Kardia units cover base load (utilization

factor over 70%), while their thermal efficiency is almost

constant (�33%) during the period examined.

Similarly, the four units of Ptolemaida 620 MW TPS

were investigated, see Fig. 8. Using the calculation results
Agios Dimitrios power station (1600 MW).
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Fig. 7. Time series of NOx emission factors for the Kardia power station (1200 MW).
obtained from official measurements (Greek PPC, 2002a),

one may observe a remarkable time variation of NOx

emissions factor for all four power units. On top of this,

remarkable discrepancies appear even between the units of

the same power station. As a result of this, all Ptolemaida

units’ emissions factors approach the 2.0 g/kWh during the

last 3 years presented. At this point, one should consider the

difference in size and age between these stations, see also

Table 1. In addition—according to information provided by

PPC—these units were periodically renovated during 1999–

2001, including maintenance of the existing abatement

technologies, in an attempt to keep Ptolemaida TPS in

accordance with the Large Combustion Plant Directive

(2001/80/EC) emissions limits for existing plants.

The last three lignite-fired TPS of Northern Greece are

the two Aminteo units (2 MW � 300 MW) and the Liptol

(10 MW + 33 MW) power station. Liptol is the oldest TPS

of all lignite fired Greek TPS, operating since the 1950’s.

After 2000, the Liptol corresponding NOx emissions factor

time series present a dramatically increasing tendency,
Fig. 8. Time series of NOx emission factors for
although during the previous years its emission factor values

remained almost constant, see Fig. 9. Similarly, the Aminteo

TPS emissions factor, being by far the lowest in Northern

Greece (1.1 g/kWh up to the year 2000), also presents a

remarkable amplification after 2000. Thus, following this

tendency, by the year 2003, the NOx emissions factor value

would exceed the 2.2 g/kWh—a negative evolution on the

environmental impact—attributable to the local electricity

generation sector.

The NOx emissions factor time series distributions for the

Southern Greece’s lignite-fired TPS are given in Fig. 10.

Using the information provided, the three Megalopolis-A

units (550 MW) present slightly decreasing NOx emissions

factor values, approaching the 1.2 g/kWh. An exception to

this trend is shown by the Megalopolis-B (300 MW) power

station, with a gradually increasing emission factor values,

approaching the level of 2.0 g/kWh by 2003. Fig. 11 shows

the NOx emissions factor time series for the oil fired (located

in the mainland and the islands) and the natural gas fired

TPS. The oil-fired TPS show an almost constant emission
the Ptolemaida power station (620 MW).
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Fig. 9. Time series of NOx emission factors for the Aminteo (600 MW) and Liptol (45 MW) power stations.
factor as a function of the time. The natural gas fired TPS

emission factor curve shows a relatively constant distribu-

tion, slightly oscillating around 0.4 g/kWh.

Summarizing in Fig. 12, one may find the time series of

the NOx emissions factors of all Greek major TPS. The NOx

emission factors of the Greek TPS show slightly variable

distributions, with exception of Liptol small old-fashioned

TPS, see Fig. 9. More specifically:
� t
he total TPS (weighted) emissions factor presents a fair

time oscillation, thus after a remarkable decrease during

the years 1998 and 1999, it rises again from the year 2000

exceeding the 1995 value, i.e. 1.6 g/kWh,
� t
his increase may be explained by the corresponding

increase of the Northern Greece TPS emission factors,

which represent the main (65%) national electricity

generation,
� o
n the other hand, Southern Greece emissions factors

remain almost constant for the entire period investigated.

It is interesting to note that the new Megalopoli TPS
Fig. 10. Time series of NOx emissions factors for the So
produces higher NOx quantities than the old units per kWh

produced, since they use different lignite deposits. In fact,

Megalopolis-A emission factors show a decreasing trend

after 1999,
� t
he oil-fired TPS show constant NOx emission factor

distributions during the analysed period, with TPS mean

values lower than the national mean value,
� t
he contribution of imported natural gas on nitrogen

oxides production, although less than other fuels, is not

negligible, presenting values equal to one third of the

national mean value. Note that an OFA (Over-Fire Air)

DENOX system operates in Agios Georgios TPS reducing

by almost 25% the corresponding NOx emissions.

Recapitulating, during the observed period, from where

reliable official data of the electricity generation sector exist

(values of 2003 are not yet officially announced), the

national electricity generation sector is responsible for the

emissions of almost 1.5 g NOx for every kWh consumed in

Greece. Unfortunately, during the last three analysed years, a
uthern Greece’s lignite-fired power stations.
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Fig. 11. Time series of NOx emissions factors for oil-fired (mainland and islands) and natural gas-fired power stations.
15% increase was found for the corresponding national

mean emission factor, a fact that definitely impedes EU

efforts to develop a coherent acidification strategy.
5. Discussion

According to the data presented, the specific NOx

emissions factor of most TPS of Greece present values

between 1.0 and 2.0 g/kWh, excluding the small old-

fashioned Liptol TPS and the recently functioning natural

gas fired TPS, see Fig. 13. With the exception of the Liptol

TPS, the relatively limited differences encountered may be

attributed to the fuel characteristics (e.g. lower heating

calorific value) and the variable technology applied

in each thermal unit. At this point, one should also take

into consideration the absence of specific DENOX

measures, although recently a similar procedure—to the

one installed in unit 2—is planned for all Agios Dimitrios

TPS units.
Fig. 12. Time series of nitrogen oxides emission factors
NOx emissions could be normally controlled either

during or after combustion (McCahey et al., 1999).

Examples of this are post-combustion techniques, such as

selective catalytic reduction, which use NH3 or other

nitrogen sources in the presence of a catalyst to transform

NOx into nitrogen and water. This technique can be used at

moderate temperatures (150–450 8C) and it is characterized

as a relatively expensive abatement strategy. On the other

hand, combustion methods, such as reburning, prevent

NOx creation. According to this method, in the reburning

zone (downstream of the main combustion zone) additional

fuel is introduced without combustion air, leading to an

oxygen-deficient environment. Due to this lack of oxygen,

NOx—produced in the main combustion zone—react with

the additional hydrocarbon radicals to produce atmosphere

nitrogen. Over-fired air completes the combustion process in

the burnout zone.

Due to the complex reaction mechanism of NOx

formation, there is no explicit relation found that describes

the specific NOx emissions factor value. The majority of
for all Greek electricity generation power stations.
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Table 2

NOx emissions factors for Greek thermal power stations (1995–2002) in g/

kWh

Thermal power

station

Minimum-no

measuresa

Maximum-no

measures

Mean

valueb

2002

Valuesb

Liptol 1.85 7.35 2.82 4.37

Ptolemaida 1.62 6.45 1.76 1.89

Kardia 1.54 6.15 1.91 2.44

Agios Dimitrios 1.60 6.39 1.70 1.88

Aminteo 1.75 6.95 1.26 2.02

Megalopolis-A 1.94 6.70 1.33 1.08

Megalopolis-B 2.03 7.05 1.61 1.89

Oil-Mainland 1.67 3.91 1.51 1.49

Natural gas – – 0.31 0.36
a According Eq. (2) and the chemical characteristics of the fuel used.
b According to assessed experimental data, provided by (Greek PPC,

2002a).

Fig. 13. Mean spread of NOx emission factors for the Greek thermal power stations considered (1995–2002).
NOx emissions from coal and oil-fired stations is formed

from fuel nitrogen. Depending on combustion temperatures,

a small portion of atmospheric nitrogen is finally

transformed to thermal-NOx, representing the 15%–30%

of the total NOx production as a maximum. This is not the

case for natural gas-fired TPS, since only thermal NO is

formed, as natural gas contains no organically bound

nitrogen. The formation of thermal NO increases exponen-

tially with combustion temperatures above 1300 8C. The

formation mechanism of nitrous oxide (N2O) has not yet

been clarified. It has been found, that lower combustion

temperatures, particularly below 1000 8C, cause higher N2O

emissions. At higher temperatures, the N2O formed is

reduced to N2.

For a first estimation of NOx emissions expressed as NO2

one may use (IPPC, 1998) the following general equation

(not valid for natural gas fired TPS (Agazzani et al., 1998)),

i.e.

ðNOxÞe jðtÞ ðg=kWhÞ ¼ ð1 � ðhprÞ jÞ
1; 000; 000

he jð1 � zÞHu

� ð1 � ðhsecÞ jb jÞ
46

30
ð1 þ jÞð0:285 þ fgNÞ (2)

where (hpr)j is the reduction efficiency of primary measures,

(he)j the TPS thermal efficiency, z the corresponding elec-

tricity transmission losses decimal factor, Hu the lower

specific calorific value of fuel, (hsec)j the efficiency of the

process, bj the availability of the existing anti-pollution

measures for the jth TPS, j the thermal-NO fraction of fuel

NO, F depends (IPPC, 1998) on the fuel used characteristics

(i.e. fuel contain of volatiles, fixed carbon in fuel and

specific flue gas volume) and (gN)j is the fuel nitrogen

content.

Typical values for F range between 2.5 and 25. For the

application of Eq. (2), the fuel characteristics and the lower

specific calorific value provided by PPC for each TPS and
for the entire time-period analysed were adopted (Greek

PPC, 2002a,b). More specifically, the lower specific calorific

value of Southern Greece’s lignite varies between 16,300

and 19,700 kJ/kg, while the corresponding values of

Northern Greece are 21,000 and 26,000 kJ/kg, respectively.

The thermal efficiency of major Greek TPSs varies between

31% and 36% and the electricity transmission losses decimal

factor equals to 0.03, on the average. Finally, the numerical

values of efficiency and availability of the existing

abatement technologies are taken from the international

literature (European Environmental Agency, 2001, IPPC,

1998) according to the type of each TPS.

Results coming from Eq. (2) are fairly in agreement when

compared to the corresponding official data, Table 2. As the

exact nitrogen content of the fuel used is not known, its

maximum and minimum values are used; and the

corresponding minimum and maximum values of NO2

emissions factors are derived. Considering the absence of

effective abatement technologies, most discrepancies can be

explained either by questioning the real nitrogen content of
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Table 3

Specific emissions (kg/MWh) from fossil-fuelled TPS (1994–1998)

Air pollutant Netherlandsa UKa Denmarka Greeceb

NOx 0.89 2.5–5.3 2.6 2.3

a According to (European Commission, 1999).
b According to (Kaldellis and Konstantinidis, 1995).
the fuel used or by investigating the lower specific calorific

value of the locally mined lignite.

The specific emissions factor values obtained from the

previous analysis of the local TPS data were compared with

corresponding values presented by the authors in a previous

study (Kaldellis and Konstantinidis, 1995) and by EU report

in 1999 (European Commission, 1999), Table 3, though they

cover different time intervals. A wide range of values is

given for representative EU countries, for NOx emissions

factors from the electricity generation sector. The UK and

Danish electricity generation industries produced during

1994–1998 higher NOx emissions per kWh consumed than

the Greek power sector in 1995. On the other hand, the

Dutch electricity generation surcharge is minimal, taking

into account the limited utilization of coal in the country’s

electricity generation plants.

Similar results are presented for the Turkish electricity

production sector (Kaygusuz, 2002), where a detailed

analysis of the air pollutants emissions for the various TPS is

presented. In addition, the same order of the nitrogen oxides

emissions magnitude is mentioned (Mahlia, 2002; Shrestha

and Timilsina, 1998) for Malaysian, Thai and South Korean

power sectors. Similar data is also validated for UK

electricity production sector (Proops et al., 1996), during a

study analyzing the lifetime pollution of various technol-

ogies of electricity generation. The results obtained here are

also validated by the data provided during a detailed analysis

of regional effects of NOx emissions concerning inter-state

NOx control in the United States (Farrell, 2001).

Recapitulating, one may clearly state that electricity

generation plants (usually called large combustion plants)

play a decisive role in the EU efforts to combat acidification,

eutrophication and ground-level ozone. An NOx protocol

was signed in Sofia in 1988 and came into force in 1991.

This protocol has been signed by 25 countries and ratified by

29 countries. According to this protocol, the parties agreed

to freeze their NOx emissions at 1987 levels before the end of

1994. As expected, in 1988 the EU adopted the Directive on

the limitation of certain pollutions from large combustion

installations to control SO2 and NOx emissions. This

included new plant emissions standards for SO2 and NOx.

The directive also sets ceilings for the reduction of total

national emissions of SO2 and NOx from existing plants. The

emissions ceilings for 1993 and 1998 for Greece were 70 ktn

per year. Each country is responsible for the choice of

methods used to achieve these targets. Directive 2001/80/EC

amends the existing Directive (88/609/EEC) in an attempt to

tighten the Community’s restrains against air pollution from

new combustion plants. Notably, the Directive of 2001
establishes new requirements for plants licensed before 1st

July 1987. In case that these plants prefer to be exempted

from compliance with emissions limit values, their operator

should declare by 30 June 2004 not to operate the plant for

more than 20,000 h starting from 1st January 2008 and

ending not later than 31st December 2015.

According to the data concerning the national electricity

production sector, one may definitely state that during the

observed period there has been considerable demand

amplification. Moreover, most experts forecast (Greek

RAE, 2003; Greek Ministry of Environment, 2003; USA

DOE, 2003) a continuous electricity demand increase

ranging between 3.0% and 4.0%, up to 2010. If this

significant electricity demand increase is to be covered by

Northern Greece lignite and imported natural gas, the

expected flue gases emissions factors values should keep up

with the 2000–2003 values, since the corresponding fuel-

mix probably remained almost constant. In addition,

substantial additional natural gas imports are not possible

without improving the existing infrastructure capacity.

Hence, we expect that a major portion of electricity demand

increase (2.0%–2.5%) will be covered by further exploita-

tion of domestic lignite deposits. On the other hand, diesel-

oil and mazut (heavy-oil) will continue to be the sole fuel

solution for the electricity power plants of all Greek islands,

Crete and Rhodes included.

Hence, excluding the rather hypothetical case that a

considerable renewable energy penetration is realized both

in the mainland and the islands electrical production systems

(Kaldellis et al., 2001; Kaldellis, 2003, 2004), the expected

annual NOx production of Greek electricity generation

sector should exceed the 80 ktn by 2010. For the time being,

the annual NOx per cap release from the Greek electricity

generation sector is almost 6.5 kg, a value that is higher than

the corresponding EU mean (5.4 kg/cap).
6. Synopsis and conclusions

The nitrogen oxides emissions of the electricity genera-

tion sector analysed for the period 1995–2002 were

estimated using detailed official data concerning the major

local thermal power stations. A slight increase of the

national emissions factor of NOx has been found—mainly

during the last 3 years analysed, despite the natural gas

penetration in the local electricity generation sector. On

top of this, the annual NOx emissions production is still

increasing, due to the remarkable (50%) electricity

consumption amplification registered during the past 10

years.

More specifically, the annual NOx production by the

Greek EGS exceeded the 70 ktn during the last 2 years

analysed, marginally violating the emissions ceilings of both

88/609 and 2001/80 EU Directives. One of the most negative

evolutions resulting from the proposed analysis is an

undesirable increase of NOx emission factors for Northern
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Greece operating power stations during the last 4 years,

which practically neutralizes any positive impact of the

natural gas utilization in the local electricity generation

sector. Finally, given that over 90% of the national electricity

production is based on carbon containing fuels, a continuous

effort on diminishing the release of nitrogen oxides

should be made, so that local electricity generation sector

may accomplish the Large Combustion Plants Directive

(2001/80/EC).

The conclusions drawn are rather discouraging. For the

entire period analysed, there has been a significant increase

of NOx emissions resulting from the continuous energy

consumption amplification and the emphatically insistence

of the Greek State to meet any further electricity demand

using low quality lignite, imported heavy-oil and natural

gas. If this situation is not drastically altered during the next

few years, the Greek national electricity production sector

will significantly overload the local environment and the

Greek citizens’ health, strongly prejudicing the EU effort

to control the increased flue gases release in order to protect

our planet from several negative aftereffects.
Acknowledgments

This study was supported by the European Union and the

Greek Ministry of Education through the Archimedes-II/TEI

of Piraeus research program entitled ‘‘Integrated Study and

Prediction of Electricity Related Air Pollution (NOx, SO2,

CO2) in Greece in View of the European Efforts for

Improving the Air Quality’’.
References

Agazzani, A., Massardo, A.F., Frangopoulos, C.A., 1998. Environmental

influence of the thermoeconomic optimization of a combined plant with

NOx abatement. Eng. Gas Turb. Power 120, 557–565.

Cape, J.N., Fowler, D., Davison, A., 2003. Ecological effects of sulfur

dioxide, fluorides, and minor air pollutants: recent trends and research

needs. Environ. Int. 29, 201–211.

Erisman, J.W., Draaijers, G., 2003. Deposition to forests in Europe: most

important factors influencing dry deposition and models used for

generalization. Environ. Pollut. 124 (3), 379–388.

European Commission, 1999. Wind energy. The Facts. A Plan for Action in

Europe. Office for Official Publications of the European Communities,

Brussels, ISBN 92-828-4571-0.

European Environment Agency, 2001. EMEP/CORINAIR Emission Inven-

tory Guidebook, 3rd ed., Copenhagen.

Farrell, A., 2001. Multi-lateral emission trading: lessons from inter-state

NOx control in the United States. Energ. Policy 29, 1061–1072.

Greek Ministry of Environment, Physical Planning and Public Works, 2003.

Second National Program for the Climate Change. Athens, Greece

(in Greek).

Greek PPC, 2002a. 1995–2002 Annual reports on thermal power stations

flue gases production. Printed by Greek Public Power Corporation,

Athens, Greece (in Greek).

Greek PPC, 2002b. Annual program of autonomous power stations. Printed

by Greek Public Power Corporation, Department of Islands, Athens,

Greece (in Greek).
GPPC Greek Public Power Corporation, 2003. Available in http://

www.dei.gr/, Athens, Greece (in Greek).

Greek Regulatory Authority of Energy, 2003. Long-term energy planning.

Available in http://www.rae.gr/K2/summary_MES.pdf (in Greek).

International Energy Agency, 2003. Available in http://www.iea.org/, IEA,

Paris.

IPPC, 1998. Integrated pollution prevention and control EU Directive

96/91EC—On best available techniques. Printed by EEC in

Brussels.

Kaldellis, J.K., Konstantinidis, P., 1995. Social-environmental cost of

energy production in Greece. In: Proceedings of the Fourth Interna-

tional Conference on Environmental Science and Technology, vol. B.

Lesvos, Greece, (in Greek), pp. 596–605.

Kaldellis, J., 1997. Renewable and thermal energy plants. Comparison on

the basis of environmental-social costs and benefits. In: Proceedings of

the Fifth International Conference on Environmental Science and

Technology, vol. B, Molyvos, Lesvos, Greece, pp. 299–308.

Kaldellis, J.K., Kavadias, K., Christinakis, E., 2001. Evaluation of the wind-

hydro energy solution for remote islands. Energ. Convers. Manage. 42

(9), 1105–1120.

Kaldellis, J.K., 2003. Feasibility evaluation of Greek state 1990–2001 wind

energy program. Energ. J. 28, 1375–1394.

Kaldellis, J.K., Spyropoulos, G., Chalvatzis, K.J., 2004b. The impact of

Greek electricity generation sector on the national air pollution problem.

Fresen. Environ. Bull. 13 (7).

Kaldellis, J.K., Kavadias, K.A., Filios, A., Garofallakis, S., 2004c. Income

loss due to wind energy rejected by the Crete Island electrical network:

the present situation. Appl. Energ. 79 (2), 127–144.

Kaldellis, J.K., Vlachou, D.S., Korbakis, G., 2005. Techno-economic

evaluation of small hydro power plants in Greece: a complete sensitivity

analysis. Energ. Policy J. 33 (15), 1969–1985.

Kaldellis, J.K., 2004. Optimum techno-economic energy-autonomous

photovoltaic solution for remote consumers throughout Greece. Energ.

Convers. Manage. 45 (17), 2745–2760.

Kambezidis, H.D., Tulleken, R., Amanatidis, G.T., Paliatsos, A.G., Asima-

kopoulos, D.N., 1995. Statistical evaluation of selected air pollutants in

Athens, Greece. Environmetrics 6, 349–361.

Kaygusuz, K., 2002. Environmental impacts of energy utilisation and

renewable energy policies in Turkey. Energ. Policy 30, 689–698.

Kimmel, V., Tammet, H., Truuts, T., 2002. Variation of atmospheric air

pollution under conditions of rapid economic change—Estonia 1994–

1999. Atmos. Environ. 36, 4133–4144.

Mahlia, T.M.I., 2002. Emissions from electricity generation in Malaysia.

Renew. Energ. 27, 293–300.

Marouli, Chr., Kaldellis, J.K., 2001. Risk in the Greek electricity production

sector. In: Proceedings of Seventh International Conference on Envir-

onmental Science and Technology, Global-NEST, vol. C, University of

Aegean, Syros, Greece, pp. 305–314.

McCahey, S., McMullan, J.T., Williams, B.C., 1999. Techno-economic

analysis of NOx reduction technologies in p.f. boilers. Fuel 78, 1771–

1778.

National Observatory of Athens, 2001. National inventory for greenhouse

and other gases for the years 1990–2000. Report prepared for the

Ministry for the Environment, Physical Planning and Public Works,

Athens (in Greek).

Paliatsos, A.G., Kaldellis, J.K., Koronakis, P.S., Garofalakis, J.E., 2002.

Fifteen year air quality trends associated with the vehicle traffic in

Athens, Greece. Fresen. Environ. Bull. 11/12b, 1119–1126.

Proops, J.L.R., Gay, P.W., Speck, S., Schröder, T., 1996. The lifetime
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