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CCS actions and storage options in Croatia
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Constniction of the Carbon Capture and Storage (CCS) systems might help Croatia to meet the 
Kyoto targets in the next decade already. There are various reservoir formations in the southern 
Pannonian Basin and in the Adriatic off-shore that could be prepared for this permanent, geological 
storage. Not only favourable natural conditions exist, but also the pipeline transport system and 
potential of the developed upstream part of the oil industry. Depleted oil and gas pools might be used 
in the beginning, particularly in the initiated EOR operations, but by far the largest potential is seen 
in the regionally extending deep saline aquifers.
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1. Introduction

Republic of Croatia became a party to the United Nations Framework 
Convention on Climate Change (UNFCCC) in 1996 and accepted to main
tain the emission of greenhouse gases to the 1990 level, the ‘base year’. 
Croatia has also signed and later ratified the Kyoto Protocol and thereby 
took the obligation to reduce the greenhouse gas emission by 5% in the 
2008-2012 period.

Croatia is among the European countries with the lowest total emis
sion of greenhouse gases as well as per capita emissions of both green
house gases (CO2) and acid gases (SO2 and NOx). Nevertheless, the C 0 2 
released into atmosphere exceeds the amount allowed by Kyoto protocol 
steadily in the last four years. The major part of C 0 2 emissions in Croatia is 
related to energy sector. This includes emissions from fuel combustion in 
thermal (coal, gas, oil) power plants related to electricity production 
(5478 kt CCVyr in 2003), municipal/district heating plants, and oil indus-
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try activities (2800 kt C 0 2/yr) as well as other industrial processes 
[EKONERG 2005].

The largest concentrated stationary sources (‘point sources’) of CO2 in 
Croatia are the seven coal, gas and/or oil power plants operated by the 
national power supply company HEP. Mainly due to the increased econ
omic activity, their emissions were constantly rising in 1990-2003 period. 
The locations of these facilities are shown in Fig. 1. Total power plant 
emissions in 2003 were 5478 kt C 0 2/yr which is 24% of total C 0 2 emis
sions in Croatia.

There is also one large 
point source in the national 
oil industry. This is the 
natural gas processing plant 
‘Molve’, located in the 
western part of the Drava 
river valley, close to Hun
garian border (Fig. 1). In 
2004 a total of 684 kilo- 
tonnes of C 02 are separated 
there from the natural gas 
streams and released in the 
atmosphere. Presently, this 
plant is the primary candi
date for the carbon dioxide 
capture and subsequent use 
in EOR (Enhanced Oil/gas 
Recovery) operations. The 
fact that the emissions from 

point sources in Croatia amount to 26% of total C 0 2 emissions, actually 
allows significant reductions to be made by carbon capture and storage 
system.

F ig .l. Locations of C 0 2 point sources in Croatia 
1. ábra. C 0 2 pontforrások helyzete Horvátországban

2. Geological composition in the subsurface

Subsurface geological relations are the first critical factor to estimate 
the geological storage potential. These relations have been defined in the 
course of petroleum-geological exploration mainly in the last 60 years. It
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soon became known that there are three parts of the Croatian territory that 
have some common characteristics regarding the generation and accu
mulation of oil and gas. These large units are called hydrocarbon-bearing 
provinces -  Pannonian Basin, Dinarides and Adriatic offshore. Only the 
first and the third province can offer locations with favourable conditions 
for geological storage of carbon dioxide, the Dinarides can largely be ruled 
out due to several reasons. Firstly, this mountain region is in Croatia 
largely composed of Mesozoic carbonates that are karstified to depths 
exceeding 1000 m. Karst hydrogeological system and its groundwater 
resources effectively prevent any type of geological storage in that region. 
The other reason is the high neotectonic (and seismic) activity which 
would put installations and subsurface storage objects at risk. This means 
that looking for the favourable natural conditions should be directed both 
to the southern part of the Pannonian Basin and to the Adriatic off-shore.

2.1. Pannonian Basin

Due to the complex geological history of the SW part of Pannonian 
Basin, the structure of the basement is complex. Elongated basement highs 
and narrow depressions developed during the Mid-Miocene rifting 
[Royden, Horváth 1988] were refigured by several phases of basin 
inversion prior to, during and after the subsequent thermal subsidence 
[Prelogovic et al. 1998, Tomljenovic, Csontos 2001, Csontos et al. 
2002]. Most of the sedimentary succession accumulated in these depres
sions which are separated by uplifted and partially eroded tectonic units. 
The mentioned depressions (subbasins, or structural depressions) -  the 
most northern Mura depression, Drava depression, Sava depression and 
Slavonija-Srijem depression -  are filled with the Neogene rocks where 
source rock formations and various reservoir rocks were found. Some of 
the basement highs are exposed as Palaeozoic-Mesozoic mountains (e.g. 
Mt. Papuk, Mt. Psunj etc.) while others are still covered by 1000-2000 m 
thick Neogene and Quaternary sediments.

A generalised stratigraphic column of the southern Pannonian Basin is 
given in Fig. 2. Basin fill contains some volcaniclastics (and volcanic rocks 
as well) but is mostly composed of sediments reaching maximal thickness 
of e.g. 5000 m in Sava depression or over 6000 m in Drava depression. This 
large sequence of lacustrine-marine-lacustrine-fluviatile environments 
contains major unconformities -  the Base Neogene, the Base Pannonian
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Fig. 2. Stratigraphic column of the Neogene basin fill of southern Pannonian Basin 
2. ábra. A dél-Pannon medence neogén medencekitöltésének rétegoszlopa
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and the Base Pliocene unconformities, which usually separate the onlap- 
ping deposits from uplifted, tilted and eroded older rocks. These uplifts 
interrupting basin subsidence reveal compression events in association 
with inversion tectonics [LU C IC  et al. 2001]. Even a fifth, Quaternary 
unconformity exists, as the reflection of the youngest uplift in the marginal 
part of depressions.

The oldest Neogene sediments are of Early to Middle Miocene age and 
comprise syn-rift and early post-rift sediments [SAFTIC et al. 2003]. Ter
restrial sandstones, subordinate coal seams, sedimentary bodies of talus 
breccia (mainly Lower Miocene), reefs (mainly Badenian), coastal and 
shallow marine sandstones (Karpatian, Badenian) are interlayered with 
volcaniclastics/volcanics, marls and clayey limestones (Fig. 2). The end of 
Middle Miocene is characterised mostly by fine-grained deposition in the 
starving brackish-water basin.

Late Miocene age is characterised by the post-rift thermal subsidence 
of the Pannonian Basin [SAFTIC et al. 2003]. Lake Pannon deposits were 
formed in brackish (Pannonian) to freshwater environment (Pontian). 
Apart from local variations due to pre-Pannonian topography the sedi
mentary succession begins with littoral limestones and nearshore trans
gressive lag overlain by hemipelagic calcareous and clayey marls basin
wide. The deepest depressions were filled by lacustrine turbidite lobes and 
channel fills of considerable thickness; thus initial basin floor topography 
gradually became levelled. Turbiditic successions are overlain by shale- 
prone delta slope and sandy delta front to coastal plain sediments. After the 
northern part of the Drava depression in Hungary was filled to lake level 
and the youngest Miocene deposits were formed in fluvial environments, 
to the south in Croatia deposition continued on the delta front and in the 
prodelta region. Deltaic sand bodies or turbiditic sand lobes of this unit are 
interlayered with silty marls and make the majority of HC pools discovered 
in the area.

Pliocene and Quaternary rocks are sediments which were deposited in 
the remnants of Lake Pannon and in the subsequent fluvial systems 
[SAFTIC et al. 2003]. These are mostly sands and sandy gravels with some 
clay and silt that have the largest thickness of 1000-1500 m in areas of 
continuous subsidence (Fig. 2). At that time Lake Pannon occupied only 
the southernmost part of the Pannonian Basin where basin fill up to fluvial 
deposits continued in similar manner as previously. The largest number of 
oil and gas reservoirs was found in the Upper Miocene sandstones inter
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layered with silty marls, but the largest single reservoirs were much deeper, 
either in the Lower to Middle Miocene coarse clastic bodies, or in the 
Mesozoic and Palaeozoic basement rocks.

2.2. Adriatic offshore

The oldest formations reached by wells in the Adriatic offshore are of 
Permian age. They are of heterogeneous lithologic composition. Mostly 
clastic sediments were deposited, mainly sandstone and shale, but carbo
nate formations are also present, and particularly evaporites. Early Triassic 
was characterised by intensive tectonic movements and volcanism 
followed by clastic sedimentation, and that is why Lower Triassic sequence 
consists of both siliceous and carbonaceous sandstones with subordinated 
tuff and dolomite indicated shallow water conditions. Middle Triassic unit 
was affected by the beginning of the Alpine orogenesis and both the 
shallow water and deep water carbonates are found, frequently with an
desite and pyroclastics. In the basal part of the Upper Triassic (Karnian) 
evaporites can be found but their occasionally diapiric bodies are much 
more frequent in the Central and Southern Adriatic, while dolomites pre
vail in the Northern Adriatic. Generally, shallow water carbonate sedi
mentation (mainly dolomites) in platform conditions began in Late Triassic 
and continued in more-less similar platform conditions throughout Early 
and Middle Jurassic (mainly dolomites), Late Jurassic and Cretaceous 
(limestones), till the Palaeogene or occasionally Middle Eocene. Towards 
the end of Cretaceous the platform gradually disintegrated. The thickness 
of carbonate deposits amounts to 5000 m at most. During the Middle 
Eocene, Late Eocene and Lower Oligocène, intensive tectonic movements 
caused opening of the future Adriatic basin [PR ELO G O VIC, KRANJEC 
1983]. Tectonic movements were accompanied by sedimentation of marl, 
sandstone and subordinated limestone. Miocene was characterised by 
hemipelagic marl in the central parts of deep basins and turbidites close to 
their margins -  marl, calcareous and marly siltites interbedded with sandy 
limestones and sandstones. Pliocene sediments resulting from the sub
sequent transgression include clays, marls and sands. There is a lithologic 
continuity with Quaternary deposits composed of sands, silts and clays 
with lignite interbeds. Pliocene-Quaternary deposits can reach the thick
ness of 2000 m in places and the thickness of Neogene deposits together 
with Quaternary deposits can amount up to 4000 m in the deepest sub
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basins. Thickness of this sequence in the Northern Adriatic reaches 
1000 m.

Several gas fields were discovered in the Northern Adriatic with 
reservoirs within Pliocene-Quaternary deposits. Traps were formed by 
differential compaction resulting in small structural closures and there are 
numerous isolated sand bodies. They are characterised by intergranular 
porosity and markedly irregular distribution of reservoir properties. 
[Zelic et al. 1999].

3. Prospective geological storage objects

There are several types of geological formations suitable for perma
nent storage of carbon dioxide. Most of the regional studies performed 
indicate that sedimentary basins worldwide could offer significant storage 
potential roughly distributed in the three orders of value -  deep regional 
saline aquifers are by far the largest, usually ten times less can be found in 
depleted hydrocarbon reservoirs, and 100 times less in deep unmineable 
coal seams. Coal layers in Croatia are both too shallow or too thin to result 
in significant storage potential and it is best to direct attention to the other 
two types.

Out of the 60 hydrocarbon accumulations that were discovered, 
around 30 are now in production. Some of them are near depletion, particu
larly the oil fields and they might be candidates for the early application of 
the CCS concept. EOR pilot studies are on the way and it is to be expected 
that the first industrial CO2 injection will be done in one or two oil fields in 
the western part of the Sava depression. The so far obtained results 
[D O M ITRO V IC et al. 2005] prove that it can be done and that there is 
significant CO2 retention potential already in the phase of enhanced oil 
recovery. Regarding the stratigraphy of the potential reservoirs in the 
southern Pannonian Basin (Fig. 2), Upper Miocene sandstones are the most 
frequent type that might be used because they are numerous, reliably 
correlated and usually in the convenient depth range (1000-2500 m). At 
some locations, large capacity is estimated in the base Neogene breccia- 
conglomerate bodies, and particularly where those reservoirs are hydrau
lically connected with the underlying Mesozoic or Palaeozoic rocks. Pro
spectivity of these reservoirs might prove to be somewhat hindered by their 
large depths and consequently high pressure and temperature, and also by
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the extensively developed fracture porosity. As for the off-shore possi
bilities, only northern and central Adriatic are geographically/eco- 
nomically reachable and three types of reservoirs are worth investigating -  
Pliocene/Quaternary sands/sandstones that are documented to be gas-tight 
but these gas pools are at the marginal depth (750-850 m), Upper 
Cretaceous limestones with secondary porosity covered with impermeable 
Miocene or Pliocene sediments and Miocene formation that is locally 
developed between the first two, especially in the deep depressions like the 
Dugi Otok basin (Fig. 3).

A number of hydrocarbon fields were screened out, namely those that 
appear more promising due to the reservoir conditions and they are shown 
by groups in Table I.

Basin
(no. of fields)

Stratigraphic
unit

Lithological
composition Depth

(m)

Capacity
(Mt)

Drava (2) Miocene carbonate 
breccia/ sandstone 1950/750 12.30

Sava (5) Miocene/
Palaeozioc sandstone/ granite 1580-825 23.20

Z Oil fields 35.50

Drava-deep (4) Miocene/
Mesozoic/
Palaeozioc

breccia/
carbonates/

metamorphic
rocks

3200-900 83.15

Drava-shallow

(2)
Miocene sandstone 1600 17.75

Sava (2) Miocene sandstone 2000-1850 20.20

N. Adriatic (3) Quaternary/
Pliocene/
Mesozoic

sand/ sandstone/ 
carbonates 900/1300 32.10

Z Gas fields 153.20

ZZ 188.70

Table 1. Estimates o f storage capacity in hydrocarbon fields 
1. táblázat. Szénhidrogéntelepek tárolási kapacitásainak becslése
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Calculations were per
formed for altogether 15 
fields in the Pannonian Basin 
and three fields in the North
ern Adriatic off-shore. Lo
cations are given in Fig. 4. 
Storage capacity is calcu
lated based on the volume of 
the already produced hydro
carbons, considering that all 
of it can now be safely filled 
with pure C 0 2 and mass was 
calculated based on the 
pressure and temperature of 
the reservoir at its average 
depth. The listed capacity in 
gas fields greatly exceeds 
the one in oil fields, but gas 
fields are still far from 

depletion and will not be converted to storages very soon. This especially 
refers to the three gas fields in the Northern Adriatic. As for the oil fields, 
the obtained total capacity is approximately five times smaller, but at least 
some among them are ‘ready to be used’, firstly for EOR and subsequently 
for permanent C 0 2 storage. Their geographical distribution is favourable 
— close to the major point sources in continental Croatia and only limiting 
factors are seen in the size of their reservoirs and occasionally large 
number of old wells that will have to be plugged and monitored.

Trying to estimate the capacity in deep saline aquifers, major problem 
lies in the fact that the available data are usually not detailed enough. Even 
in the mature petroleum provinces deep aquifers were simply not drilled 
through enough and there are just a few analyses of their reservoir pro
perties. That is why even in the cases where the geometry of the reservoir 
rock formations can be delineated based on the regional subsurface data, 
other parameters — effective thickness, porosity, temperature have to be 
extrapolated from the existing hydrocarbon fields in that region. This 
inevitably burdens the storage capacity estimates with a lot of uncer
tainties. Even more so knowing that adequate trapping conditions in parts 
of these regional aquifers will only later be confirmed by targeted surveys.

Fig. 4. Major aquifers, oil and gas fields and 
pipelines in Croatia

4. ábra. Fő rétegvíztároló rendszerek, olaj- és 
gázmezők, távvezetékek Horvátországban
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That is why these storage estimates are regarded as theoretical capacity 
only and are usually declared as the total pore space volume to make it clear 
that only part of it can eventually be used for C 02 storage. Pore space 
volume listed in Table I I is actually total pore space volume multiplied by a 
displacement coefficient which is only roughly estimated to be 3%, mean
ing that only such a small proportion of available pores might probably 
once be filled with carbon dioxide (at several locations they are still to be 
found). In conclusion, if the estimated cumulative volume within aquifers 
is multiplied with C 0 2 density at estimated average depth and temperature, 
which is 500 kg/m3 it sums up to 4829 Mt which is a far more respectable 
number. This capacity might be prepared for use only after the deliberated 
exploration of these objects not only to fully investigate their reservoir 
properties, but also to confirm the integrity of their cap rocks.

Aquifer Area
(nf)

Depth
Top
(m)

Depth
Base
(m)

H
(m)

Hef
(m)

Porosity
Pore space 

volume
(m3)

Dugi 1135546278 930 2100 1170 234 0.10 797153487

Otok

Drava 1353234016 900 1900 1000 600 0.25 6089553071

Osijek 41085959 1000 3500 2500 1750 0.20 431402566

Sava 314735506 800 2300 1500 500 0.17 802575539

West

Sava 517134191 1000 2700 1700 550 0.18 1535888547

Central

IE 9656573210

Table II. Estimates o f theoretical storage capacity in deep saline aquifers 
II. táblázat. Mély sós akviferek elméleti tárolási kapacitásának becslése

Storage capacities listed in Table II are mostly on shore, within the 
sediments of the Pannonian Basin. Due to more than 700 exploration wells 
in this area, regional subsurface maps allow the geometry of deep Miocene 
aquifers to be delineated and porosity was taken from the oil and gas fields 
in the area. Margins of these aquifers were defined based on the two criteria 
-  extension of the Upper Miocene sandstones and thickness of the over- 
lying Pliocene and Quaternary sediments more than 1000 m. Capacity
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declared for the Dugi Otok aquifer in the Adriatic off-shore is really a 
preliminary and rough estimate because its reservoir rock properties are 
based only on the data from three wells, and its outline follows the contours 
of the entire sub-sea Dugi Otok basin.

4. Conclusions and recommendations

Several conclusions can be drawn based on the explained screening. 
Failing to consider those carefully might have significant impact to the 
country’s development of the energy sector in the future:

1. Republic of Croatia will be very soon facing the challenge of 
reducing CO2 emissions. One of the ways to achieve significant reductions 
on a national level is to equip large industrial ‘point sources’ with adequate 
capturing facilities, and to build a transport system capable of safely 
conveying CO2 streams to the ‘sinks’ -  geological storage objects situated 
deep in the subsurface (under 1000 m).

2. There are favourable natural conditions for geological storage of 
carbon dioxide in some parts of Croatia -  in the deep structural depressions 
of the southern Pannonian Basin, and in the Adriatic off-shore as well. It is 
also important that significant human and technical resources of the 
national oil industry can be fully used to that purpose.

3. The most prospective objects in the near future are the depleted 
hydrocarbon fields. In one of the oil fields in the Sava depression, the pilot 
C 0 2 injection has already been done as a part of an EOR project. In the long 
term, though, it is possible that the cumulative storage potential in oil and 
gas reservoirs will not offer the largest capacity in the end. There are two 
reasons for that. The first is that old oil fields usually have a large number 
of old wells drilled through multi-storey reservoirs, and those wells signi
ficantly increase the risk of leakage to the atmosphere or at least cause 
additional costs for plugging and monitoring. The other reason is even 
more obvious -  since the prices of crude oil are so high (and, at least to the 
opinion of authors, are not going to be drastically reduced in the near 
future) the remaining reserves in partly depleted reservoirs are so valuable 
that EOR projects have to be optimised on maximum recovery, not on 
maximum C 0 2 storage. This hinders the large-scale utilisation of oil and 
gas reservoirs in the near future.
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4. Significantly larger capacity is estimated in the deep saline aquifers 
-  porous and permeable regional formations deeper than 1000 m. There 
should be no conflict of use to define and equip underground storage sites 
in a part of this waste pore space, but the subsurface data available are too 
scarce to allow anything but generalised regional estimates to be made. 
That is why it will be necessary to develop research projects targeted 
specifically to the better definition of their geological composition and 
reservoir properties.

5. Capacity for geological storage of carbon dioxide in coal seams in 
Croatia is too small to be significant.

It is worth emphasising that preparations will have to be really quick in 
order to fully develop the carbon capture and storage system in time to 
achieve significant reduction of C 0 2 emissions. In light of the international 
commitments made by Croatia, this could really have grave impact on the 
price of energy in the near future. Also, there is a potential benefit of 
improving one country’s image as an economy that uses its fossil energy 
sources in environmentally friendly way.
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Széndioxid befogás és tárolás lehetőségei Horvátországban

Bruno SAFTIC és Iva KOLENKOVIC,

Lehet, hogy már a jövő évtizedben segíti Horvátországot kyotoi vállalásainak teljesítésében a 
széndioxid befogási- és tárolási rendszer (CCS). A Pannon medence és Adria partszegélyi területén 
különböző tárolásra alkalmas formációk találhatók, amelyeket hosszú idejű tárolásra át lehet 
alakítani. A megvalósításhoz nem csak a kedvező természeti adottságok vannak meg, de a szállítási 
rendszer és az olajipar fejlett kutatási és termelési részlege is rendelkezésre áll. Kezdetben a 
letermelt olaj- és gáztelepeket lehetne hasznosítani, különös tekintettel a növelt hozamú kőolaj- 
termelésben (EOR) bevezetett üzemeltetéssel, de mindezeken túl a legnagyobb potenciál a regio
nálisan elterjedt mély sós rétegvíztároló rendszerekben látszik.


