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Abstract — The paper demonstrates how a potential site for CO, storage can be evaluated up to a
sufficient level of characterization for compiling a storage permit application, even if the site is only
sparsely explored. The focus of the paper is on a risk driven characterization procedure. In the
initial state of a site characterization process with sparse data coverage, the regional geological and
stratigraphic understanding of the area of interest can help strengthen a first model construction for
predictive modeling. Static and dynamic modeling in combination with a comprehensive risk
assessment can guide the different elements needed to be evaluated for fulfilling a permit
application. Several essential parameters must be evaluated; the storage capacity for the site must
be acceptable for the project life of the operation, the trap configuration must be efficient to secure
long term containment, the injectivity must be sufficient to secure a longstanding stable operation
and finally a satisfactory and operational measuring strategy must be designed. The characterization
procedure is demonstrated for a deep onshore aquifer in the northern part of Denmark, the Vedsted
site. The site is an anticlinal structural closure in an Upper Triassic — Lower Jurassic sandstone
formation at 1 800-1 900 m depth.

Résumé — Comment caractériser un site potentiel pour le stockage de CO, avec une couverture
de données éparses — le cas d’un site cotier danois — L’article montre comment évaluer un site
potentiel pour le stockage de CO, a un niveau de caractérisation suffisant pour une demande de
permis de stockage, méme si le site n’est que partiellement exploré. Il met ’accent sur une procédure
de caractérisation basée sur I’analyse de risques.

Dans D’étape initiale d’un processus de caractérisation de site sur la base de données éparses, la
compréhension géologique et stratigraphique régionale de la zone d’intérét aide a renforcer la
construction dun premier modéle de sous-sol en vue d’une modélisation prédictive.
Une modélisation statique et dynamique, combinée a une évaluation des risques globale permet alors
d’appréhender les différents éléments requis pour 1’évaluation d’une demande de permis. Plusieurs
paramétres essentiels doivent étre évalués : la capacité de stockage du site doit étre en adéquation
avec la durée de vie du projet, le systéme de piégeage du CO, doit étre suffisamment efficace pour
permettre un confinement long terme, I’injectivité doit étre suffisante pour garantir un
fonctionnement stable et durable et enfin une stratégie de mesure satisfaisante et opérationnelle doit
étre prévue. La procédure de caractérisation est démontrée pour un aquifére salin cotier profond
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localisé dans la partie nord du Danemark, sur le site de Vedsted. Le site présente une fermeture
structurelle anticlinale dans une formation de grés du Trias Supérieur-Jurassique inférieur située a

1 800-1 900 m de profondeur.

INTRODUCTION

The present paper comprises the outline for producing a stor-
age permit application for geological storage of CO, in the
Vedsted structure, an anticlinal closure in the Gassum
Formation, onshore in the northern part of Denmark
(Fig. 1). The permit application procedure is developed in
the SiteChar project funded by the EU 7" framework
program. It is assumed that any exploration obligations are
successfully fulfilled for the license.

Even though the site is sparsely exploited and with mini-
mal data coverage the reservoir characterization methodol-
ogy can provide a sound base for a storage application to
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Figure 1

be submitted to the competent authority. The methodology
can re-assure the authority that a planned way forward exists
for further reservoir characterization, when new data are
acquired, that can be agreed upon for both operator and
regulator.

A risk driven characterization procedure ensures that the
most crucial elements of the planned storage operation are
identified and thoroughly evaluated during the process lead-
ing up to the final application. The risk driven procedure
secures that a safe and secure storage operation for the site
is properly evaluated and described.

The Vedsted site is an onshore aquifer in sandstones of
Upper Triassic — Lower Jurassic age at 1 800-1 900 m depth,
situated in the northern part of Denmark. The target reservoir
is situated in a small graben bounded by northwest-southeast
trending faults and is part of a larger graben structure, the
Triassic rift system forming the deep Fjerritslev Trough
(Fig. 2). The reservoir is marine to fluviatile sandstones
sealed by a thick package of marine claystones of the
Jurassic Fjerritslev Formation (Nielsen, 2003).

The storage concept is a four way dip closure for the res-
ervoir (Larsen et al., 2003). The bounding faults for the gra-
ben structure are outside the delineation of the lowest closing
contour. Further it is assessed that no major faults will con-
strain the plume development inside the structure. Minor
faults exist on the structure but the fault properties are diffi-
cult to evaluate.

Hydrocarbon exploration campaigns during the 1950°s
discovered the closure, and a single exploration well was
drilled on the structure, the Vedsted-1 well. The well was
dry and abandoned shortly after with only a sparse log
suite acquired. The sparse well data in combination
with only a few 2D seismic lines challenge the site
characterization.

The closure includes several sandstone reservoirs of good
quality at depths of 1 200-2 000 m. Several hundred meters
thick claystone intervals provide an excellent cap-rock
above the reservoirs. The Gassum Formation forms the pri-
mary reservoir whereas the more shallow Haldager Sand-
stone Formation can be used as a secondary reservoir
(Fig. 3). Additionally a several hundred meters thick chalk
section provides a secondary seal.

The storage capacity of the Vedsted structure was prelim-
inarily estimated to approximately 160 Mt of CO, based on a
review of the existing data and preliminary reservoir
simulations (Dalhoff et al., 2011). In order to verify the clo-
sure of the anticline structure, the existence and location of
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Map showing the structural elements of the Norwegian-Danish basin. Modified from Nielsen (2003).

the bounding faults and the storage capacity a new 2D seis-
mic survey was acquired in 2008.

A 400 MW coal-fired power plant situated 30 kilome-
tres away from the site is the main CO, source.
The annual CO, emission is approximately 1.8 Mt and
the CO, can be transported by pipeline from the power
plant to the storage site (Klinkby, 2011). If the injectivity
and capacity of the site prove to be as high as previously
predicted, the CO, stream can be increased by approxi-
mately 1 Mt/year from a close by cement industry. A pro-
ject lifetime of 40 years of constant injection is assumed.
The number of wells and the well configuration must be
optimized together with pressure control management.
Active pressure control might be necessary by water
production as studied by Kempka et al. (2015).

Due to the sparse data coverage for the Vedsted structure,
it seems reasonable to plan for a phased development of the
storage operation so early reservoir response data can be
used to history match the model and update the predictive
reservoir modeling. For the full potential for the storage pro-
ject incorporating both the power plant and the cement
industry, ie. an injection of approximately 3 Mt/year,

it may be practical to have three or more injections wells.
With three or more injection wells the injection rate can be
kept below 1 Mt/year/well, which is assessed to be a realistic
injection rate due to the relatively low permeability sand-
stone formation in order to keep the flowing bottom hole
pressure below a fracture safety limit of 85% of the litho-
static pressure (Springer, 2009).

The Swedish energy company Vattenfall organized a ser-
ies of studies to evaluate the potential for using the Vedsted
structure for geological CO, storage in the period 2007 and
until the company abandoned the project in 2011 due to
company strategy re-organization. Many of the studies are
used in the present work in combination with new studies.

1 METHODOLOGY

An essential finding from the SiteChar project, is to use a
risk driven site characterization methodology sufficient to
produce a storage permit application. For the onshore
Vedsted site a comprehensive risk assessment based on an
initial reservoir modeling study guided the nature of
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Lithostratigraphic column for the Vested-1 well. In yellow, the
target reservoirs; the Gassum Formation and the Haldager
Sandstone Formation. In light brown, the sealing claystones
and in greenish colours marine sandstone to mudstone with
low sealing capacity, in blue, low permeability limestone with
good sealing capacity.

the studies undertaken to produce an adequate reservoir
characterization.

1.1 Risk Assessment

An early stage risk assessment workshop for the Vedsted site
was performed in 2008 organised and facilitated by DNV.
The outcome from the workshop was analysed and ranked
by DNV and the project group (DNV, 2008). Risks were
organized in risk matrices before and after any safeguards
were applied. A separate risk assessment workshop was
dedicated to the Vedsted-1 legacy well (DNV, 2010).

Four major risk areas were identified from a risk register
of 22 individual risks: a need for more detailed characteriza-
tion of the Gassum reservoir, risk of leakage at the

Storage complex delineation

P & A well

CO:z Inj. well

Figure 4

Principal sketch of the Vedsted site. Primary containment: Gas-
sum Fm. with the Fjerritslev Fm. acting as seal. Secondary con-
tainment: Haldager Sandstone Fm. Three cement plugs are
placed in the P&A well (Vedsted-1 well). The green and yellow
dotted squares define the storage complex; the larger green stor-
age complex definition must be used if the state of the faults
cannot be determined and if the secondary containment also
is planned for storage and the state of the first plug in the
P&A well is questionable. The red dotted square defines the
monitoring area, i.e. following the definition in the EC Guid-
ance Document (EC, 2011).

abandoned legacy well, need for a better understanding of
fault properties and risk of pressure propagation outside
the storage complex. The storage complex for the Vedsted
site was defined following the guidelines in the EU storage
directive (EC, 2009, 2011) and is illustrated in Figure 4.

The safe containment of the CO, plume within the storage
complex is well defined for a structural closure whereas the
extension of pressure propagation can be more problematical
to delineate and impacts on the areal extent of the monitoring
obligation. For the Vedsted site no direct neighbouring sub-
surface activity is planned for and the pressure can be
allowed to increase outside the storage complex, but the
level of pressure footprint outside the complex is not defined
and has to be discussed with the national competent
authority.

A number of studies were undertaken as result of the risk
assessment: 3D static and dynamic modeling studies, cou-
pled dynamic and geomechanical modeling, mitigation of
any unwanted pressure developments from the injection
operation by introducing water production wells, assessment
of the state of the Vedsted-1 legacy well on the structure and
finally monitoring strategy evaluation combined with
comprehensive baseline studies.

Part of the study work could be performed in parallel
i.e. the state of the legacy well could be assessed as a more
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or less independent study only dependent on some predictive
modeling of pressure and plume extension in to the well
area. Whereas the modeling work was more sequential and
to some part also dependent on an iterative procedure,
i.e. statical, dynamical and geomechanical modeling are
dependent and may be improved by critical re-modeling
with respect to peer reviews of modeling results.

1.2 Assessment of the Vedsted-1 Legacy Well

The Vedsted-1 well was drilled and plugged and abandoned
in 1958, when no detailed requirements for proper abandon-
ment was described in the Danish Subsoil Act. The final well
report does not document a safe abandonment with respect
to present day regulations; although three cement plugs were
placed in the well bore (Fig. 4). No description of the amount
and quality of the cement is documented and no pressure test
was conducted.

An assessment study of the state of the Vedsted-1 well per-
formed in the SiteChar project recommended to re-enter the
well and to plug and abandon it according to the present day
regulations. Three sets of cement plugs must be set across
the Gassum and Haldager formations, and from the base of
the chalk to the surface. It could be 5-6 individual plugs instead
of the three sets of plugs as both the top and base of each
reservoir interval should be cemented at least 50 m above
and below each boundary to fulfil Danish regulation.

It is crucial to convey to the appropriate authorities to
assure that the well is not a show stopper if correct measures
are taken.

1.3 Static Model

Static modeling is challenged by the sparse data coverage for
the storage site area and regional geological studies are used
to support the site modeling.

The Vedsted structure was first identified as a
possible CO, storage site in 2003 (Larsen et al., 2003).
The structure was investigated by two old oil exploration
wells (Haldager-1, 1950 and Vedsted-1, 1958), old regional
seismic lines (1967 and 1983) and a new 2D seismic survey
acquired in 2008 further strengthened the model construc-
tion (Frykman et al., 2009, 2011).

From the seismic interpretation five horizons were
exported to the Petrel software for static modeling
(Schlumberger, 2011): Base Chalk Group, Top Haldager
Sandstone Fm., Base Haldager Sandstone Fm., Near Top
Gassum Fm. and near Top Skagerrak Fm. (Fig. 5). In the
present study, the focus is on the primary reservoir, i.e. only
CO, injection in to the Gassum Formation, the other forma-
tions are included in the model to secure proper boundary
conditions for pressure and geomechanical modeling.

A
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Figure 5

Seismic section east/west across northern part of Vedsted Struc-
ture. Colour code: dark green: Base Chalk Group; light blue:
Top Frederikshavn Formation; yellow: Top Haldager Sand For-
mation; light green: Base Haldager Sand Formation (MCU);
purple: Intra Fjerritslev F-III Member (sequence boundary
SB15 defined by Nielsen, 2003); blue: Near Top Gassum For-
mation; red: Near Top Skagerrak Formation; orange: Intra Tri-
assic marker. Note: minor extensional faults cut Base Chalk,
but terminate in Lower Cretaceous. From Andersen (2009).

The entire Gassum Formation is penetrated by the
Vedsted-1 well drilled centrally on the Vedsted structure.
In this area, the mainly coarse clastic Gassum Formation is
interfingering with the mudstones of the Fjerritslev Forma-
tion (Fig. 6). The Gassum Formation consists of a lower unit,
140 m thick which consists of fluvial sandstones interbedded
with lacustrine mudstones in the lower part, whereas shallow
marine sandstones interbedded with thin marine mudstones
take over in the middle and upper parts of the unit. This
lower reservoir unit is overlain by a tongue, 75 m thick of
marine mudstones belonging to the Fjerritslev Formation.
Within the lower part of the mudstones occurs a 2-3 m thick
marine sandstone bed. The mudstones are topped by 5 m of
marine sandstones included in the Gassum Formation.
Further up section follows 19 m of Fjerritslev Formation
mudstones overlain by 50 m of marine shoreface sandstones,
which forms the upper reservoir unit of the Gassum
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SW-NE well-log panel across the Danish Basin, the Sorgenfrei-Tornquist Zone and the Skagerrak-Kattegat Platform showing the upper part of the
lower Gassum reservoir and the upper part of the Gassum Reservoir. Modified from Nielsen (2003).

Formation (Nielsen and Japsen, 1991). This reservoir unit is
interpreted to gradually thin and change to mudstones
toward the deeper parts of the basin (e.g. Hyllebjerg-1).
The two thick mudstone tongues splitting the Gassum For-
mation into the two principal parts in the Vedsted-1 well
are absent in the Borglum-1 and Flyvbjerg-1 wells, where
sandstones of the Gassum Formation occupy this strati-
graphic level (Fig. 6). The mudstones are thus expected to
gradually disappear toward the northeast due to lateral facies
changes from mudstones to sandstones. It is thus likely that
the upper Gassum reservoir unit thickens in the eastern part
of the Vedsted structure and thins in the western part.

The lower principal part of the Gassum reservoir is over-
lain by a relatively uniform and 75 m thick succession of
marine mudstones. The upper principal reservoir unit is
overlain by 525 m of relatively uniform marine mudstones.
Log-correlations supported by detailed biostratigraphy indi-
cate that the mudstones are laterally uniform and widely dis-
tributed (Michelsen, 1989; Nielsen, 2003). Both seals are
thus expected to be laterally well-developed with a good
integrity and sealing capacity. As discussed above it
is expected that the lower seal is gradually replaced by

sandstones toward the northeast. The sealing capacity of
the lower seal may thus be slightly reduced in the eastern-
most part of the structure. On the contrary, the upper seal
is interpreted to be very well-developed in the entire struc-
ture and further beyond as the marine flooding that caused
the change in deposition from marine sandstones to mud-
stones in the Early Jurassic influenced the entire basin and
the Fennoscandian Border Zone (Nielsen, 2003) (Fig. 7).

Vertical variations in reservoir porosity are interpreted from
the Vedsted-1 log and upscaled to average values to populate
the model grid. For the reservoir section (Gassum Fm.)
an average layer thickness of approximate 2 m was used and
the log porosity values averaged arithmetically. The initial
models are constructed by extrapolating the upscaled porosity
values along the layers. Permeability values are calculated
from a porosity-permeability relation determined from core
analysis. To differentiate non-reservoir from reservoir rock
(lithology subdivision in to sand and shale) a cut-off value
for porosity of 0.05 was used.

Even though a regional geological description exists, a
simple “layer-cake” approach with averaged values for res-
ervoir properties in each layer was adopted, since a lack of
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Figure 7

A regional SW-NE geosection through the Danish Basin and
the Fennoscandian Border Zone. From Nielsen (2003).

high resolution data made it difficult to derive any meaning-
ful lateral property distribution. It is assessed that an
approach with low and high case scenarios in the dynamic
modeling is the way forward for the present cases with
sparse data coverage.

Models with different areal extent and grid resolution
were constructed for different modeling purposes. A regio-
nal model covering an area of 160 km x 160 km (Fig. 1),
a site specific model of 17 km x 20 km for modeling the
development and migration of the CO, plume (Fig. 1) and
an intermediate model size of 50 km x 50 km for coupled
dynamical and geomechanical modeling (Fig. 8) were cre-
ated. The large regional model was used to guide the setup
of boundary conditions for both the site specific model and
the geomechanical model so the pressure level is modeled
correctly.

1.4 Dynamic Model

The static models were exported to the Eclipse 100 black oil
reservoir simulator (Schlumberger, 2007) for dynamic mod-
eling. Details for modeling the CO, injection process for the
Vedsted site can be found in Frykman et al. (2009, 2011),
gridding, saturation functions, PVT and fluid description
and boundary conditions.

For an onshore structural closure like the Vedsted site, the
objectives for setting up dynamic modeling are, besides the
dynamic capacity estimation, to predict the pressure devel-
opment, both around faults and the regional pressure foot-
print outside the closure. Several essential issues must be
evaluated: first, the construction of a regional model large
enough to capture the full overpressure development and
with a sufficiently detailed level to be as realistic as possible
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Figure 8

Model for coupled dynamical and geomechanical modeling.
A 50 km x 50 km model with over- and underburden enclosing
the Gassum reservoir.

but still computationally manageable. Secondly, for more
detailed studies on injection and filling strategies, with lim-
ited size site models, boundary conditions must be managed
with proper and correct procedures to capture the pressure
development. Finally, the dynamic simulation must be cou-
pled to geomechanical simulations in order to assess the
stresses in the reservoir and overburden and possible fault
re-activations.

For all the dynamic modeling, the injection well was
placed down flank and to the east of the structure (Fig. 1).
The well location was chosen to obtain a large amount of
residual trapping when the CO, migrates to the top of the
structure and leaving a residual CO, tail behind and to obtain
a distance to the Vedsted-1 legacy well.

Some minor faults interpreted from seismic may exist on the
Gassum level of the structure that could impact on the CO,
plume distribution (Fig. 5, 9), but at present no knowledges
of fault properties are available. The wedge shape part of the
southern flank of the structure, delineated by Faults 3 and 4
(Fig. 9) could be a challenge to exploit. Dynamic simulations
confirm that injection of 1 Mt/y of CO, for a 40 years injection
period does not fill the structure to spill point.

The pressure development at the fault near the top of the
anticline is of major concern for a potential CO, leakage as
CO, will be present there after around 8 years of simulated
time (Fig. 10). A maximum difference of about 18 bar can
be observed after 10 years of injection in the closed fault sce-
nario, while a difference of about 2 bar occurs for the open
fault scenario (Fig. 11). Consequently, Fault 4 has to be
taken especially into account with regard to potential reacti-
vation resulting from the significant pressure difference after
10 years of injection. This may induce geomechanical
effects impacting fault integrity, and hence has to be
adressed by coupling of a geomechanical simulator to the
dynamic flow simulator.
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Figure 9

Two fault systems mapped from seismics; solid lines indicate
faults mapped on the Base Chalk level and dotted lines indicate
faults mapped on the Top Gassum level all shown on the top
Gassum map contours for clarity. Faults on the Top Gassum
level are used for the geomechanical study.

Figure 10

Gaseous CO, plume migration in the open fault a) and closed
fault b) scenarios for simulation times of 10 years.

1.5 Coupled Dynamical and Geomechanical Modeling

Dynamic simulations have been coupled to geomechanical
simulations in order to assess the stresses in the reservoir
and overburden and possible fault re-activations.
The 50 km x 50 km model (Fig. 8) is used and the five faults
indicated in Figure 9 are implemented in to the model.

It is unclear how the faults intersect the overburden and
thereby the caprock. Additional four major faults are
mapped on the Base Chalk level meaning that they intersect

P
320

Figure 11

Pressure development in the open fault a) and closed fault
scenarios b) for simulation times of 10 years.

the caprock from the top reservoir to the Base Chalk, but
they are outside the structural closure for the storage site.

The fault properties are not fully understood so in the sim-
ulations they are treated as being either fully transmissive or
fully closed. Only the five faults mapped on the top Gassum
level are used for the coupled geomechanical and flow
modeling.

The TOUGH2-MP/ECO2N software was used to assess
the pressure elevation in the reservoir and CO, plume migra-
tion towards the top of the anticline. Two different scenarios
were addressed; the five faults were set to be either open or
closed for flow.

Detailed description together with results of the coupled
dynamic and geomechanical modeling can be found in
Kempka et al. (2015). It is found that no shear and tensile
failures will occur under the injection operation and demon-
strated that pressure control management can be achieved by
active water production. It was assumed that the major faults
were non-active at the initial stress regime and found that no
re-activation of the faults occurs.

1.6 Pressure Management

For a CO, injection operation any pressure propagation
away from the closure of the CO, plume may be a potential
problem if e.g. close to potential leakage pathways or neigh-
bouring subsurface activities. It is not clear from the EC stor-
age directive (EC, 2009) how the overpressure can develop
outside the storage complex. This raises the question, on
how large does the storage complex need to be and how
large an area do monitoring activities have to cover.
The EC CCS guidance document (EC, 2011) addresses the
issue with statements on competitions between subsurface
operations but returns no absolute values. The pressure
development issue then becomes an issue that must be
addressed in dialog with the national regulator.
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Figure 12

Over-pressure (water potential) distribution after 40 years of
constant CO, injection with a single injection well in to the
NE flank of the Vedsted structure. Insert picture displays the
pressure profile to different times of injection. The orange ver-
tical lines delineate the storage site.
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Figure 13

Pressure management by water production. Different total
voidage replacements from four water production wells.
The orange vertical lines delineate the storage site. A voidage
replacement of 100% corresponds to an equal amount of water
produced and CO, injected in reservoir volumes.

The regional pressure distribution will develop much
faster and wider than the distribution of the CO, plume
(Birkholzer et al., 2009). Figure 12 shows the simulated
pressure development during an injection period of 40 years
in to the Vedsted site. Here the 160 km x 160 km regional
model is used for simulations. The CO, plume is captured
within the structural closure but the pressure footprint covers
an area of almost the size of the regional model.

Figure 12 also shows the importance of choosing proper
modeling boundary conditions when using detailed site
models for simulation. The model pressure development
on the site delineation must be captured and reflect the true
nature of the physical site delineation, i.e. open aquifer,
semi-open aquifer etc. It is evident that constant pressure
boundary conditions for a site model in an aquifer cannot
capture the pressure increase on the site boundary
(Fig. 12). In the present application, when using detailed site
simulations, the pore volume multiplication option was used
as boundary conditions, and the value of the multipliers was
adjusted through the simulation scheme so the “correct”
pressure development is simulated, i.e. the multipliers are
varied with simulation time (Nielsen et al., 2013).

Pressure management through pressure release wells
could be an option to mitigate undesirable over-pressure
developments (Fig. 13). If the release wells are placed out-
side the structural closure pressure development can be mit-
igated without introducing a potential leakage by drilling

inside the trap. Pressure is released through a balanced water
production (Nielsen et al., 2013).

1.7 Baseline Survey and Monitoring Plan

Base line survey data are crucial to justify natural and sea-
sonal variation in background fluxes of soil gases in relevant
land use types and to capture any irregularities in back-
ground fluxes not being a result of the CO, storage opera-
tion. A comprehensive base line study was performed in
the SiteChar project for the Vedsted site. The study is
reported in Beaubien ef al. (2015).

1.7.1 Monitoring Plan

In the CO2GeoNet project, an early but rather detailed mon-
itoring plan for the Vedsted site has been produced. Further-
more a comprehensive description of several different
monitoring techniques applicable for the Vedsted site is dis-
cussed (CO2GeoNet, 2010; Arts et al., 2010).

From the risk and performance assessment a number of
risk-related issues have been identified which determine
the specific monitoring systems to be deployed in order to
meet the regulatory requirements. Additional reservoir mod-
eling and well studies conducted in the SiteChar project
helped to focus a list of specific aims for a monitoring plan
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Figure 14

Proposed monitoring plan for the Vedsted site including both the pre-injection phase and part of the post-injection phase.

for the Vedsted site: 4 for the deep subsurface and 3 for the
more shallow or surface part.

For the deep subsurface part spreading of the CO, plume,
spreading across spill point(s), fault integrity and caprock
sealing behaviour were found to be essential for a monitor-
ing plan.

For the more shallow and surface part the CO, (natural)
fluxes together with the quality and movement of the ground-
water are important elements to document to a regulator.

Several monitoring techniques can be applied to measure
the specific aims and at different time schedules during the
life-time of the project. Some of the monitoring techniques
are run before CO, injection starts to provide proper baseline
measurements and some continue after injection has ceased.
It is anticipated that the injection period runs for 40 years.
The full monitoring plan is illustrated in Figure 14.

Vedsted will primarily be regulated under the EC Storage
Directive implemented in to the Danish Subsoil Act.
The Directive requires that monitoring is carried out
throughout the lifetime of a project to verify that storage per-
formance is as predicted, to detect leakage of CO, and to
ensure that the storage operations do not lead to adverse
environmental or safety impacts.

The monitoring plan should be designed to meet the reg-
ulatory requirements of the Vedsted site assuming that site

behaviour is in conformance with predictions and no signif-
icant irregularities develop.

Also verification of site performance, which involves
comparing predicted and observed behaviour with respect
to selected site performance measures should be picked up
by the monitoring scheme. The aim is to demonstrate that
site processes become better-understood and increasingly
predictable with time, as more monitoring data become
available through the operational phase. The key site perfor-
mance parameters at Vedsted are migration of the CO,
plume and development of the pressure field in the reservoir.

CONCLUSIONS

The use of a risk driven reservoir characterization methodol-
ogy is presented for the onshore Vedsted CO, storage site.
It is demonstrated that even though the site may be sparsely
exploited, the reservoir characterization methodology can
provide a sound base for a storage application to submit to
the competent authority and to be processed to a storage per-
mit. For a sparsely explored site, the use of all available
regional geological description and interpretation can help
strengthen the reservoir characterization and guide the first
predictive modeling. A compilation of previous studies in
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combination with new reservoir modeling, well interpreta-
tion and monitoring technique studies undertaken in the
SiteChar project comprises an adequate reservoir character-
ization and technical description of the storage project for
submitting an application for geological storage of CO, to
a competent national authority. For the characterization
methodology, it was found that some of the specific studies
must be run in a sequential scheme, but with emphasis on
integration of expert disciplines and iterative modeling pro-
cedures. For (onshore) structural closures, the pressure
developments outside the storage complex are crucial and
must be modeled as realistically as possible. Pressure prop-
agation in the surroundings must be assessed by proper
regional modeling and correct handling of simulation
boundary conditions. By coupled dynamical and geome-
chanical modeling the use of water production to mitigate
any undesired pressure development can be evaluated.
The coupled modeling also shows that there is no risk of
fault re-activation during the injection period. To assess
the reservoir quality and inter-reservoir connectivity of the
reservoir units, a 3D seismic survey with high resolution
can help strengthen the interpretation of the reservoir
architecture in combination with well tests.
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