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The aim of this pa per is to ex am ine the pos si bil i ties for the abate ment of
CO2  emis sions in the Greek fos sil fuel power gen er a tion sec tor. An over -
view of CO2 cap ture, trans por ta tion, and stor age con cepts, on which the
R&D com mu nity is fo cused, is pre sented. The im ple men ta tion of post-com -
bus tion CO2 cap ture op tions in an ex ist ing fos sil fuel power plant is then ex -
am ined and the con se quences on the over all plant per for mance are de ter -
mined. Fi nally, the pos si bil i ties of trans por ta tion and then un der ground
stor age of the pure CO2 stream are ana lysed tak ing into ac count both tech -
ni cal and eco nom i cal fac tors. The re sults of this anal y sis show that CO2 se -
ques tra tion is tech ni cally fea si ble for ex ist ing fos sil fuel fired power plants
in Greece. How ever, sub stan tial re duc tion in plant ef fi ciency is ob served
due to in creased en ergy de mand of the tech nol o gies used as well as in elec -
tric ity pro duc tion cost due to cap i tal and op er a tion costs of cap ture, trans -
port, and stor age of CO2.
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Introduction 

It’s widely ac cepted that the main anthropogenic green house gas is car bon di ox -
ide, with sub stan tial con tri bu tion to the an tic i pated change in the cli mate, and the main
cause of its ex is tence is the com bus tion of fos sil fu els for power gen er a tion [1]. On the
con trary, power gen er a tion will be come more de pend ent on fos sil fu els in the fu ture. It is
es ti mated that the share of power sec tor in to tal emis sions will rise, from 40% in 2002 to
44% in 2030 [2].

CO2 emissions in Greece

Fos sil fu els are ex pected to dom i nate in power pro duc tion in Greece. It is es ti -
mated that they will ac count for around 75% of to tal elec tric ity pro duced in 2020 [3]. The 
con tri bu tion of the elec tric ity sec tor to the to tal na tional CO2 emis sions in Greece was ap -
prox i mately 50% in 2003 as shown in fig. 1 [3]. The tar get set un der the Kyoto Pro to col
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for the green house gases lev els in Greece in the pe riod 2008-2012 is a max i mum of 25%
raise com pared to 1990 lev els. How ever, the Greek Na tional Al lo ca tion Plan fore sees
that green house gases will in crease by 39.2% in 2010 and by 57.2% in 2020 com pared to
1990 level. Well es tab lished mea sures for emis sion avoid ance are deal ing with im prov -
ing en ergy ef fi ciency or shift ing to non fos sil en ergy sources, such as renewables. A new
ap proach that is gain ing sig nif i cant in ter est world wide is to con trol CO2 emis sions by se -
ques ter ing CO2 from fos sil-fuel com bus tion sources in geo log i cal for ma tions [4-6]. The
com plete pro cess in volves cap tur ing and com press ing CO2 from the power plant, trans -
port ing CO2 to an in jec tion site and stor ing it in a res er voir.

CO2 storage potential in Greece

In Greece, po ten tial CO2 stor age sites were in ves ti gated through past R&D pro -
jects prov ing a lim ited stor age ca pac ity. The only proven hy dro car bon field is the oil field 
in Prinos with a stor age ca pac ity of 17 Mt. Ad di tional stor age ca pac ity of 2.2 Gt is ex hib -
ited by sa line aqui fers, how ever fur ther re search must be car ried out in or der to val i date
their ca pa bil ity to store CO2 [7]. Fur ther more, a study has shown that the Mesohellenic
ba sin con sti tutes ex cel lent res er voir stor age ca pa bil ity; there fore it can com prise a po ten -
tial CO2 stor age site in the fu ture [8]. Fi nally it is worth men tion ing that Greece re mains
one of the most un ex plored coun tries es pe cially in depths be low 3000 m. There fore, the
CO2 stor age ca pac ity in Greece can sub stan tially in crease in the near fu ture.
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Figure 1. CO2 emissions in Greece and the contribution of the energy sector 
[3]



Capture and storage of CO2

Technologies for CO2 capture •9, 10•

Within the R&D com mu nity there is sig nif i cant in ter est in new car bon-cap ture
con cepts. Spe cial fo cus has been given over the last de cade in three spe cific con cepts
which are the fol low ing:
(a) Post combustion capture: CO2 is captured from flue gases (3-20% vol. CO2) in low

pressure (1 bar). This technology is based on the separation of CO2 from a gas mixture
of nitrogen and oxygen. The most common practice is the amine scrubbing
technology which can be implemented as a retrofit option in existing fossil fuel power 
plants. However this will result in a substantial cost which is currently estimated at
40-60 €/t of CO2 avoided [11].

(b) Pre-combustion capture: CO2 is separated from a high hidrogen content gas mixture,
product of coal gasification or natural gas steam reforming in high pressure (15-40 bar).
The most common practice is the absorption of CO2 with Rectisol or Selexol. 

(c) Oxy-fuel com bus tion: the tar get is to ex clude ni tro gen be fore or dur ing the com bus -
tion pro cess and to pro duce a con cen trated stream of CO2. In this con cept the crit i cal
stage is the pro duc tion of ox y gen from air. Cryo genic sep a ra tion is the lead ing op -
tion.

Options for CO2 storage

Fol low ing the cap ture pro cess, CO2 needs to be stored, in or der not to be emit ted
to the at mo sphere. The main stor age op tions are:
(a) Storage in active oil reservoirs (enhanced oil recovery): enhanced oil recovery

(EOR) is a technique that allows increased recovery of oil in depleted or high
viscosity oil fields but also sequestered CO2 that would normally be released to the
atmosphere. In general terms, CO2 is flooded into an oil-field through a number of
injection wells mixed with the crude oil, causing it to swell and thereby reduce its
viscosity. This also helps to maintain or increase the pressure in the reservoir. These
processes allow more of the crude oil to flow to the production wells while an amount
of the CO2 remains in the reservoir [12].

(b) Storage in coal beds (Enhanced coalbed methane recovery): in this process the CO2 is 
injected into deep, unmineable coal seams. It is adsorbed at the expense of coal bed
methane, which can then be recovered as free gas while the CO2 remains stored within 
the seam. A particular advantage of this technique is that coal seams can store several
times more CO2 than the equivalent volume of a conventional oil or gas reservoir
because coal has a large surface area [13].

(c) Storage in deep saline aquifers: CO2 is injected in reservoirs, at depths greater than
800 m, which contain salt water. CO2 will dissolve in it and become widely dispersed
in the reservoir. It can also react with the minerals within the aquifer and remain fixed
there [14].
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(d) Storage via mineralization: a new method that CO2 reacts with minerals (magnesium –
calcium oxide) to form solid carbonates that are thermodynamically stable and cannot
release significant volumes of CO2. There is an argumentation that CO2 storage in
minerals is likely to be safer than other underground sequestration options [15].

Options for transport

There are four dif fer ent trans por ta tion sys tems suit able for CO2 cap tured from
the fos sil-fu elled power in dus try: (a) mo tor car ri ers (trucks), op tion with high trans por -
ta tion costs and low ca pac ity, (b) rail way, a com pet i tive means of trans por ta tion but
needs ap pro pri ate rail in fra struc ture and trans por ta tion equip ment, (c) wa ter car ri ers
(ves sels), very cost-ef fec tive means of trans por ta tion for CO2 off-shore due to the large
load ing ca pac ity, and (d) pipe line, al ready ap plied to many CO2 stor age and CO2 EOR
pro jects [16].

CO2 sequestration in an existing natural gas
fired power plant in Greece

In Greece the most prom is ing suit able field for CO2 se ques tra tion is the
off-shore oil res er voirs lo cated at the area of Prinos in North Greece, which is es ti mated
to be of a stor age ca pac ity of ap prox i mately 17 Gt. Fur ther more, this as pect is gain ing
more in ter est by the fact that a nat u ral gas fired power plant ex ists in a fea si ble dis tance
for CO2 trans port and the CO2 stream can be uti lised for re cov er ing ad di tional quan ti ties
of oil (CO2 EOR op tion).

At the first stage of this study, the fea si bil ity of post com bus tion CO2 cap ture with
chem i cal ab sorp tion is ex am ined in an ex ist ing nat u ral gas com bine cy cle power plant in
Greece. Then a pos si ble op tion for CO2 trans port and stor age to an oil res er voir un der op er -
a tion is pro posed and ana lysed both from tech ni cal and eco nom i cal point of view.

Post combustion CO2 capture in a natural gas
combined cycle –  Case study results

Amine scrubbing technology description

Amine scrub bing is a well es tab lished tech nol ogy for cap tur ing CO2 while it is
widely used in food in dus try and in the Sleipner plant in North Sea to re move CO2 from
nat u ral gas [13]. Ap ply ing this tech nol ogy to a  gas tur bine power plants in volves sep a ra -
tion of CO2 from the ex haust gases com ing af ter the heat re cov ery steam generator
(HRSG) us ing chem i cal ab sorp tion with amine based (e. g. monoethanolamine – MEA)
aque ous so lu tions [17-19]. In this method, MEA ab sorbs CO2 through chem i cal re ac tion
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in an ab sorber col umn. Be cause the re ac tion is re vers ible, the CO2 can be col lected by
heat ing the CO2-rich amine so lu tion in a sep a rate strip per col umn. The MEA may then be 
re cy cled through the pro cess. Amine scrub bing sys tems re quire large amount of heat in
or der to re gen er ate the CO2-rich sol vent. This heat is typ i cally drawn from the steam cy -
cle and sig nif i cantly re duces the net ef fi ciency of the power plant shown later. Ad di tional 
me chan i cal work is re quired in or der to over come pres sure drop in the ab sorber col umn
and for aux il iary pump ing sys tems.

Power plant performance evaluation

Post com bus tion cap ture with amine scrub bing tech nol ogy was ap plied in one of 
the four nat u ral gas-pow ered ther mo elec tric power sta tions cur rently in op er a tion in
Greece which lo cated near the city of Komotini.  The Komotini nat u ral gas com bined-cy -
cle (NGCC) power plant con sists of two gas tur bines (ABB GT3E2 50 Hz model) and one 
steam tur bine, re sult ing in a to tal net power out put of 476 MW e. A sim i lar gas tur bine
com bine cy cle was sim u lated with the Gatecycle soft ware pack age [20] in or der to eval u -
ate the per for mance of the plant as sum ing the above-men tioned post-com bus tion CO2

cap ture sce nario.
The flue gas ex it ing the HRSG en ters the amine plant, as shown in fig. 2 to pro -

duce a CO2 rich-stream. The sep a rated CO2 is com pressed and cooled in or der to meet the 
stor age and trans port over super criti cal con di tions (140 bar, 32 °C). CO2 com pres sion
can be real ised us ing a three stage com pres sor with equal pres sure ra tios up to 80 bar and
intercooling at 25 °C and pump ing to the fi nal pres sure (140 bar).  The over all sys tem was 
sim u lated as sum ing a 90% CO2 cap ture and an en ergy in put for the reboiler in the amine
plant of 3.5 MJ/kg CO2 re cov ered [19]. This en ergy re quire ment is met by low
pressuresteam (1.4 bar) which is ex tracted from the steam cy cle from the low pres sure
steam tur bine and ac counts for 80 kg/s. This re sults in a sub stan tial loss of power in the
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Figure 2. Flow sheet diagram of the CO2 capture process with
amine scrubbing in a NGCC power plant



steam cy cle and when com bined with the com pres sion power re quire ment re sults in a sig -
nif i cant power pen alty for CO2 cap ture. 

In tab. 1  it is shown that the net power pro duced de creases to 395 MWe from
476 MWe and the over all ef fi ciency de creases to 43% from 52%. Sub stan tial elec tri -
cal en ergy also is needed to com press the cap tured CO2 for pipe line trans port to a
stor age site The cal cu lated re sults is in good agree ment with other sim i lar stud ies in
the lit er a ture [19, 21, 22].

CO2 transport and storage in an oil field

A suit able lo ca tion to store the cap tured CO2 from the power plant in Komotini
is the oil field in Prinos. It cov ers an ex tent of 4 km2 roughly and it is found 8 km west ern
of is land Thasos and 18 km south ern of the sea coast. The oil field is found at depth of
2500 m and  it  is ex tended up to 2850 m, while the depth of the sea in the re gion is 30 to
35 m roughly [23]. The first two de pos its of Prinos (oil) and S. Kavala (nat u ral gas) are al -
ready de pleted and they can be used as CO2 stor age sites. The de posit in North Prinos
(oil) from the sec ond ex ploi ta tion sec tions is still in op er a tion and is a po ten tial site for
CO2 EOR. 
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Table 1. Calculated results for a NGCC with and without CO2 capture

NGCC with out CO2 cap ture NGCC with CO2 cap ture

Net power output, [MWe] 476 395

Gas turbine 1 156.5 156.5

Gas turbine 2 156.5 156.5

HP steam turbine 37 37

IP steam turbine 70 70

LP steam turbine 56 25.5

Mechanical work CO2 for
compresion

– 23.3

Mechanical work in amine plant

– Exhaust gas fan – 22.6

– Auxiliary pumps – 3.3

Net plant efficiency (HLV), [%] 52 43

CO2 to atmosphere, [kg/MWh] 504 50.4

CO2 captured, [kg/MWh] – 453.6 



In this case study the trans por ta tion via pipe line is cho sen due to the fact that
pipe lines can de liver large amounts of CO2, con tin u ously when it is de liv ered in its liq uid
or super criti cal/dense phase. In these phases the pres sur ized CO2 has higher den sity and
there fore the max i mum through put can be trans ported. For the fi nal stor age, the con di -
tions will be sim i lar to trans por ta tion con di tions, due to high hy dro static pres sure which
oc curs in the un der ground po rous rock for ma tions at these depths.

Cost of transport

The pos si ble route of the pipe line, as shown in fig. 3, is a 120 km line com pris ing 
an on-shore and off-shore seg ment. The on-shore part is ex tended from the power plant in 
Komotini to land in stal la tions of the S. Kavala.  A while the off-shore part ends to the in -
jec tion point. For the de sign of the pipe line, it is as sumed that the ter rain (tab. 2) is nor mal 
(flat).  The pipe line di am e ter is as sumed at 8” ca pa ble to trans port an an nual ca pac ity of
1.2 Mt sim i lar to the cal cu lated amount from the se lected power plant [24]. A prob a ble
life time for a pipe line is 25 years and this num ber is used in the fol low ing cal cu la tions to -
gether with an as sumed in ter est of 5% [25].

Table 2. Pipeline technical specifications

Pipeline length on-shore 100 km ANSI Class 900# (140 bar)

Pipeline length off-shore 20 km ANSI Class 1500# (220 bar)

Pipeline diameter (in) 8"

Terrain flat
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Figure 3. Prinos oil reservoir and NGCC power plant location and 
probable pipeline layout



The in vest ment and op er a tional
and main te nance costs for con struct -
ing and op er at ing the on-shore and
off-shore pipe line are cal cu lated ac -
cord ing to the meth od ol ogy pro -
posed by the IEAGHG [26]. In this
case study, the in jec tion wells and
plat forms al ready ex ist there fore
they are not con sid ered in the to tal
stor age cost. The in vest ment cost of
the 100 km on-shore pipe line is 9.88
M$, while for the 20 km off-shore
seg ment it is es ti mated at 13.3 M$.
The op er a tional cost of a 120 km
pipe line with 8” di am e ter is cal cu -
lated at 0.29 M$ as shown in fig. 4.
Cost es ti mates of se ques tra tion in de pleted oil/gas fields range from 1 to 8 €/t CO2 in -
jected de pend ing on the depth of the res er voir, re-use of fa cil i ties and on- or off-shore 
lo ca tion [27, 28]. Cost of EOR are es ti mated to range from  –10  to 10 €/t CO2 in jected 
on-shore and –10 to 20 €/t CO2 in jected off-shore [30].  There fore an ad di tional re -
duc tion in the over all costs can be achieved if the EOR op tion is used.

Environmental issues 

The po ten tial im pacts as so ci ated with CO2 in geo log i cal for ma tions are largely
as so ci ated with the pos si bil ity of leak age. The po ten tial for such leak age will de pend
upon cap rock in teg rity and the se cu rity of well cap ping meth ods in the lon ger term to -
gether with the de gree to which the CO2 is even tu ally “trapped” through sol u bil ity in e. g. 
re sid ual oil, for ma tion wa ters or by re ac tion with min er als to form car bon ates. Other ma -
jor en vi ron men tal is sues may be as so ci ated with pipe line leak age and the re lease of other
im pu ri ties pre sented in the CO2 stream, such as, toxic com pounds (H2S, HCN, COS, CO,
SO2), acidic com pounds (NOx) etc. The ex ist ing sta tis tics from the EOR in dus try show
that the risks for pipe line leak age are lower than for nat u ral gas or other haz ard ous pipe -
lines [30], but to min i mize risks, trans por ta tion of CO2 should be car ried out away from
pop u lated ar eas. An other is sue, which can in di rectly af fect the trans por ta tion, is the pub -
lic opin ion con cern ing stor age of CO2. There fore, the prob a bil ity of a pipe line leak age
and its con se quence ei ther on the pop u la tion area or on ma rine life and eco sys tem needs
to be care fully eval u ated. 

Conclusions

CO2 se ques tra tion is tech ni cally fea si ble for ex ist ing fos sil fuel fired power
plants in Greece. How ever, sub stan tial re duc tion in plant ef fi ciency and in out put power
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Figure 4. Calculated costs of CO2 transport by
pipeline



is ob served due to in creased en ergy de mand for CO2 cap ture us ing the amine scrub bing
tech nol ogy. An equiv a lent en ergy pen alty is ob served due to me chan i cal work for CO2

com pres sion to its super criti cal phase. As sum ing 90% car bon cap ture ef fi ciency the ther -
mal ef fi ciency of the plant is by nine per cent age points lower by lower than in the plant
with out CO2 cap ture. Trans port and stor age of the cap tured CO2 seems to be fea si ble for
the case ex am ined while the cal cu lated cap i tal and op er a tional costs are es ti mated at rea -
son able level. This is at trib uted mainly to the rel a tive small dis tance be tween the power
plant and the in jec tion point. Po ten tial profit from the en hanced oil re cov ery op tion can
be fur ther de crease the to tal cost of se ques tra tion. How ever, the ma jor bar rier for the im -
ple men ta tion of CO2 se ques tra tion re mains the high cost of cap ture which is ap prox i -
mately 40-60 €/t CO2 avoided.
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