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Preface

This report is prepared by GEUS for Brgnderslev Varme A/S based on a local dataset and GEUS' regional
geological models of the Danish subsurface. The report is a contribution to the assessment of the geothermal
potential for possible geothermal reservoirs in the Northern Jutland area. The area of interest was defined by
the client and with special focus on an evaluation of the Gassum and Skagerrak formations, however, the
Frederikshavn and Haldager Sand formations, though shallowly buried, may constitute potential geothermal

reservoirs and are considered as well.

GEUS has conducted studies of the regional development and geothermal potential of the prospective
formations (Mathiesen et al. 2009), and has recently assessed the geothermal potential at several local areas

in Denmark including the Hjarring area.

This report builds on available and released data that are relevant to an evaluation of the geothermal potential
in the area of interest. The results of the study reported here show no discrepancies from the regional trends
that GEUS has observed previously for the Danish area.

The report contains a quantitative petrophysical interpretation of the potential reservoirs based on the
existing conventional cores and well logs in order to estimate the net/gross ratio including porosity
permeability and transmissivity. Furthermore, an interpretation of the existing 2D seismic data in the
Northern Jutland area has been carried out in order to map the depth to the formations and to investigate the
presence of faults.

Focus will be on the Gassum and Skagerrak formations, both of which are buried deeply enough in the
Fjerritslev Trough (i.e. above ~1000 m) to have geothermal potential in the Brgnderslev area. As mentioned,
the shallow Frederikshavn and Haldager Sand formations are considered possible geothermal reservoirs. The
extent of the sand intervals in the Flyvbjerg Formation in itself is insufficient in terms of geothermal
exploitation, however these intervals may contribute to the geothermal potential of the adjacent Haldager
Sand Formation.

The report includes:

1. An assessment of the geological evolution of the Permian-Mesozoic succession in the licence area
based on the Bgrglum-1, Flyvbjerg-1, Vedsted-1, Haldager-1 and Saby-1 wells and GEUS' regional
and general geological model for the Northern Jutland area.

2. An interpretation of relevant and available seismic data in the licence area in order to identify
faults and map the distribution, depth and lateral continuity of possible reservoir-bearing

formations.



3. A petrophysical interpretation based on available well logs from the Bgrglum-1, Flyvbjerg-1,
Vedsted-1, Haldager-1 and Seaby-1 wells in order to assess the net/gross ratio, porosity and
permeability of the potential reservoirs.



CONTENT

1 DANSK FESUIME ...ttt b e bbbt bt e s et et st e st e b et e b e e ne et e e s 4
1.1 DatagrunGIBg .....cceeeeeeieiiiiiesii ettt 4
1.2 GROIOGI ot 4
1.3 kontinuiteten af MUIQE rESEIVOITET ........ccvv it ereas 4
1.4 Dybden til MUIIQE MESEIVOIIET .....ocuiiieiiieieieee ettt nreas 5
1.5 RESEIVOITKVAIITEE ...c.eeieiiiicice ettt te e ne e aeeneenreas 5
1.6 KONKIUSTON ..ttt bbbttt b ettt ne e 6

2 INEFOAUCTION .t b bbbt et e b e b e et e s bt e sbe et e s beenbeeneenreas 7

3 Geological BACKGIOUNG ........coiiiieeiee bbb 9

4 The lateral continuity of the potential reservoirs in the Northern Jutland area ................ 10
4.1  Seismic interpretation and mapping (TWT Maps) ......cccvevveiieieeriesiieseesie e se e 10
4.2 1dentification OF TAUILS ......c.ooiiiieiee e e 11
4.3  Depth to and thickness of potential reservoirs at the planned well site .............cccevvennnne. 12

5 Assessment of the reservoir quality inthe Brgnderslev area...........cccccoeevveveiiciicie e, 14
5.1 Reservoir quality controlling Parameters .........ccoeiieiiiie e 14
5.2 Database, log quality and petrophysical evaluation..............ccoceveiininininieee 15
5.3  Interpretation Of IthOIOQY .....ooveieieeeee e 18
5.4  Distinguishing between sand/sandstones and silt/siltstones in well 10gS............cccccoveeneee. 18
5.5 Evaluation of shale vOIUME and POTOSILY .......ccceiveiiiiiiiiiiriieee e 18
5.6 Evaluation of permeability ..........cccoceiiiiiieiice s 19

5.6.1 The regional porosity-permeability relation .............ccccooviiiiei i, 20
5.6.2 The depth-porosity relationShiP ..........oooiiiiiiiiee e 20
5.6.3 UPSCAIING ..ttt ettt ettt e e et e e e et e e e e bt e e e et e e e e e e e nees 20
5.7  Petrophysical evaluation of the Frederikshavn FOrmation............ccoccovovvininiinncnceneennn, 21
5.8  Petrophysical evaluation of the Haldager Sand FOrmation..........c.ccevvevevieviveiesienn e, 22
5.9 Petrophysical evaluation of the Gassum FOrmation............ccccceveivieiieiesicse e 23
59.1 The Barglum-L Well.........c..ooi e 23
59.2 The FIYWDJErg-L WeIl ...t 24
59.3 The VEASEEA-L WEIL......oo ittt e e et e e e et e e e s naeeeas 24
594 The SEIOY-1 WEIL....c.eiiiie e 24
595 Combining Well INFOrMatioN. ........cocviiiiii e 24
5.10 Petrophysical evaluation of the Skagerrak Formation...........ccccccevevievivern s, 26
510.1  The FIyvhJerg-LWell ... 26
510.2  The VedSEO-1 WEIL......ccoiiiiiiieiiiiie et 26
5.10.3  The S&DY-LWEIL.......oeeiieee e e 27

6 Assessed reservoir parameters for the planned Well Site...........ccoeviiiiiiiiinccce, 30
6.1  The FrederikShavn FOrMATION ........ccoiiiiiiiiiiee e 31
6.2  The Haldager Sand FOrmMAtion ..........cociiieiieii e 33
6.3 The GassuM FOIMALtION ........iiiiiiie ettt nne e 36
6.4 The SKagerrak FOrMATION.........cocoriiiiiiieiiiieie ettt 40

7 TemMPEIrATUIE ASSESSIMEIT ... ..iiiiiieiiiie st e sttt ee ettt e et e st e sb e e s e e asbe e e asb e e e nbbeeenseeeanes 45

SO0 (o] 11 5] (o] o S PR PRTU R RTRRRPRTS 46

A stepwise general procedure for maturation of an area with geo-thermal potential ....... 48

10 REIBIEINCES. .ttt bbb Rt bRt b et bbbt b et r e 50

I o LU £ PSPPSR 51

I o ol (01U =SSOSR 72



1 Dansk resumé

Den foreliggende rapport er udarbejdet af GEUS for Brgnderslev Varme A/S med det formal at bidrage til en
vurdering af muligheden for etablering af et geotermisk anleeg ved Bragnderslev med serligt henblik pa den

udpegede prognoselokalitet pa Virksomhedsvej i byens sydlige del.

1.1 Datagrundlag

Datagrundlaget for den geologiske wvurdering udgeres af alle relevante, tilgeengelige og frigivne data
omfattende 2D-seismiske data, brenddata (logs) samt kerneanalyser og kerne- og cuttings-beskrivelser fra
boringerne Barglum-1, Flyvbjerg-1, Vedsted-1, Haldager-1 og Saby-1. De foreliggende data (seismiske
linjer og boringer) vedragrende undergrundens geologiske opbygning i Vendsyssel er sparsomme og muliggar
kun generelle vurderinger i omrader uden dybe boringer. Der findes saledes ikke for indeveerende data, der
muligggr en tilbundsgaende beskrivelse af reservoirernes tykkelse og vandledende egenskaber pa specifikke
lokaliteter i Branderslev by.

1.2 Geologi

Omradet ved Branderslev by ligger geologisk set i Fjerritslev Truget tat pd en stor forkastningszone kaldet
Barglum Forkastningen, som adskiller Fjerritslev Truget fra Skagerrak-Kattegat Platformen mod nordgst.
Den preecise placering af forkastningen kendes ikke, idet den kun krydses af fa seismiske linjer af ldre dato
og ringe kvalitet. Pa baggrund af de foreliggende data forventer GEUS, at forkastningen ligger under
udkanten af byens nordlige del. Forkastningen har haft stor betydning for den geologiske udvikling, hvilket
fx betyder, at de potentielle geotermiske reservoirer Haldager Sand, Gassum og Skagerrak Formationerne er
vaesentlig tykkere syd for forkastningen end pa platformen mod nordgst. Den primare information
vedrgrende reservoirernes beskaffenhed syd for forkastningen kommer fra Berglum-1 (1951), Flyvbjerg-1
(1958), Haldager-1 (1950) og Vedsted-1 (1958), mens den primere kilde pa platformen er Saby-1 boringen
(boret i 1985).

1.3 kontinuiteten af mulige reservoirer

Den seismiske kortleegning omfatter alle tilgeengelige linjer ved Branderslev by og et godt stykke uden for
denne. Den seismiske linje DNJ-100 udger den vigtigste seismiske linje, da den med ca. 1.5 km passerer
forholdsvis teet pa den udpegede prognoselokalitet og danner derved grundlaget for estimeringen af dybden
til potentielle reservoirer. Syv seismiske horisonter er blevet identificeret, heriblandt formationstoppene for
Frederikshavn, Haldager Sand, Gassum og Skagerrak formationerne, hvoraf sidstnevnte tillige udger basis
af Gassum Formation. Ud fra de seismiske horisonter vurderes den mulige tilstedeveerelse af forkastninger,
og horisonterne udgar grundlaget for generering af dybdekort.

Tre store forkastninger eller forkastningszoner er blevet identificeret. De to NV-S@ forlgbende
forkastninger, Bgrglum Forkastningen og Haldager Forkastningen, ligger henholdsvis ca. 10 km N@ og ca.

20 km SV for Brgnderslev by og influerer antageligvis ikke pa kontinuiteten af potentielle reservoirer pa
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prognoselokaliteten. En unavngiven forkastning (kaldet Brgnderslev Forkastningen i rapporten) beliggende
ca. 3 km SV for Branderslev by og ligeledes med et NV-S@ orienteret forlgb antages heller ikke at pavirke
kontinuiteten af de mulige reservoirer. Dog kan indflydelsen fra Bgrglum Forkastningen og eventuelle
falgeforkastninger farst afklares med indsamlingen af ny hgjkvalitet-seismik. Derudover kan forekomsten af
mindre forkastninger ikke udelukkes, men for nervaerende forbliver disse uidentificeret grundet den generelt
ringe kvalitet af de seismiske data.

1.4 Dybden til mulige reservoirer

Med udgangspunkt i borehulslogs, kerneanalyse og beskrivelse af borespaner er fire formationer med
geotermisk potentiale identificeret. Det drejer sig om Frederikshavn Formationen, Haldager Sand
Formationen, Gassum Formationen og Skagerrak Formationen. Dybden til toppen af disse formationer pa
den planlagte brendlokalitet er estimeret ud fra den seismiske linp DNJ-100 og praesenteret i Tabel 1.
Dybdekort antyder en 400-700 m dybere placering af Gassum Formationen ca. 5 km sydvest for den
nuvaerende prognoselokalitet, hvilket svarer til en temperaturgevinst i starrelsesordenen 11-19 °C, men ogsa

en formodet lavere permeabilitet.

1.5 Reservoirkvalitet

P& den udpegede prognoselokalitet er reservoiregenskaber og tykkelser for formationer med geotermisk
potentiale baseret pa reservoiregenskaberne for boringerne Barglum-1, Flyvbjerg-1, Vedsted-1 og Haldager-
1 samt i nogen udstrekning seismiske linjer, fortrinsvist DNJ-100 og DNJ-200. En rekke faktorer

komplicerer overfarslen af boringernes reservoiregenskaber til prognoselokaliteten:

e Boringerne er placeret i forskellig afstand fra prognoselokaliteten

e Prognoselokaliteten er adskilt fra Vedsted-1 og Haldager-1 af Brenderslev Forkastningen og fra
Vedsted-1 af Haldager Forkastningen

e lkke alle boringer nar ned til Gassum og Skagerrak formationerne

e Kun de gverste ca. 200 m af Skagerrak Formationen er anboret

e Boringernes logsuiter er af varierende kvalitet eller mangefulde

e Log-udledte reservoirparametre understattes ikke af kerneanalysedata i alle boringer

Pa grund af forskellige geologiske forhold pa dannelsestidspunktet varierer formationernes laterale
udbredelse og tykkelse i Branderslev-omradet, og de fire relevante formationer kan ikke vurderes ud fra de
samme forudsatninger pa prognoselokaliteten. Saledes veegtes de eksisterende boringer efter deres
geografiske placering samt meengden og kvaliteten af den information, de yder, i forbindelse med
bedgmmelsen af de enkelte formationers reservoiregenskaber pa prognoselokalitet. 1 Tabel 1 praesenteres
reservoirparametrene for lokaliteten pa Virksomhedsve;j.



Tabel 1: Estimerede reservoirparametre for net sand i formationer med geotermisk potentiale ved
prognoselokaliteten (Virksomhedsvej). Net sand defineres som sandsten med mindre end 30% lerskifer og en
porgsitet over 15%.

Formation Estimerede reservoirparametre
Formations- | Formations-| Gross sand- [ Netsand-| N/G | Middel | Estimeret | Estimeret [Transmissivitet
interval tykkelse tykkelse tykkelse porgsitet | gasperm. | res.perm.
(m MD) (m) (m) (m) (%) (mD) (mD) (Dm)
Frederikshavn 778-989 211 79 24 0.10 21 469 586 14
Haldager Sand | 1052-1118 66 52 44 0.61 25 748 935 41
Gassum 1337-1455 118 77 53 0.45 24 609 762 40
Skagerrak 1455-3000" | 1545/200 9 61 26 0.42 25 390 488 13
U En betragtelig del (425 m) af den nedre Skagerrak Formation falder udenfor det geotermale dybdevindue

(800-3000 m) og indgar ikke i formationsintervallet.
2 Kun de gverste 200 m af formationen er evalueret med udgangspunkt i data fra Flyvbjerg-1 and Vedsted-1

Pa prognoselokaliteten vurderes temperaturerne for de fire formationer med geotermisk potentiale saledes:

e Frederikshavn Formation: 32 °C
e Haldager Sand Formation: 37 °C
e Gassum Formation: 46 °C

e Skagerrak Formation: 50 °C.

1.6 Konklusion

Med udgangspunkt i det eksisterende datagrundlag vurderes undergrunden ved Brgnderslev by at indeholde
flere sandstensformationer med geotermisk potentiale. | serdeleshed Gassum Formationen udviser en
lovende kombination af transmissivitet og temperatur. Skagerrak Formationen ma formodes at have et starre
potentiale end angivet i Tabel 1, da der kun er datagrundlag for vurdering af formationens gverste 200 m.
Frederikshavn og Haldager Sand formationerne er mere grundt begravet med lavere temperaturer til folge;
Haldager Sand Formationen har dog et geotermisk potentiale grundet den hgje transmissivitet. En 400700
m dybere placering af Gassum Formationen ca. 5 km sydvest for den nuveaerende prognoselokalitet antyder
en betragtelig temperaturgevinst pa 11-19 °C, som dog skal sammenholdes med en formodet
permeabilitetsforringelse.

Behovet for indsamling af nye seismiske data wvurderes at veere betydeligt, hvis kortlegningen af
undergrunden og vurderingen af det geotermiske potentiale skal forbedres. Formalet med indsamling af nye
seismiske data er i hgj grad at sikre, at lokale forkastninger ikke bryder reservoirernes kontinuitet; iser
gnskes en afklaring om, hvorvidt Brgnderslev Forkastningens udbredelse i undergrunden udger et
kontinuitetsproblem for en geotermisk boring pa Virksomhedsvej. Desuden vil ny seismik kunne pracisere,
hvor meget dybere Gassum Formationens er begravet ca. 5 km sydvest for den nuveerende prognoselokalitet.

Endvidere forventes en veesentligt forbedret kortleegning af lagene i undergrunden, end tilfeeldet er i dag.



2 Introduction

The general guidelines for suitable geothermal reservoirs in the subsurface fulfilling the requirements for
safe, sustainable and economical exploitation of geothermal water are based on the experiences that GEUS in
collaboration with DONG Energy previously have established. As a rule of thumb the thickness of a
reservoir needs to be at least 25 m thick and should be situated at a depth of 800-3000 m. The lower depth
limit is selected due to the risk of insufficient porosity and permeability in reservoirs at depths exceeding
3000 m. The upper limit is selected to ensure that formation water has a sufficient temperature. Usually, the
temperature of the reservoirs at depths shallower than c. 800 meters (i.e. 20—30 °C) is too cold for geothermal
production depending on the method for production, e.g. if electricity-powered heat pumps are used to

extract heat energy from the formation water.

This report presents an evaluation of the reservoir quality of the potential geothermal reservoirs with focus
on the Gassum and Skagerrak formations — and to some degree the Frederikshavn and Haldager Sand
formations — and the lateral continuity of the formations by analysing the existing cores, well logs, cuttings
samples and seismic sections that are available from the archives at GEUS. The study is based on the
relatively limited available relevant geological and geophysical information from the greater Bronderslev
area which mainly includes the Fjerritslev Trough, but also the Skagerrak-Kattegat Platform north of the
Bgrglum Fault (Figure 1).

The available 2D seismic data in the area of interest is mainly old and of poor to moderate quality (Figure
1). The Bgrglum-1 and Flyvbjerg-1 wells (from 1951 and 1958) are the primary data source in the Fjerritslev
Trough south of the Barglum Fault zone. The Vedsted-1 and Haldager-1 wells south of the area of interest
provide supporting data. The Saeby-1 well provides data from the Skagerrak-Kattegat Platform. The exact
location of the Bgrglum Fault is not known due the sparse seismic data, of which most are old and of poor
quality. The Bgrglum-1, Flyvbjerg-1, Vedsted-1 Haldager-1 and Seeby-1 wells were drilled to investigate
whether sandstone layers from the Triassic—Jurassic section were hydrocarbon-bearing, but none of the wells

encountered hydrocarbons with economic potential.

The Bogrglum-1 and Flyvbjerg-1 wells confirmed the presence of sandstones, in the Frederikshavn Formation
(224 and 171 m), the Haldager Sand Formation (29 and 54 m) and the Gassum Formation. The Bgrglum-1
well reached total depth (TD) in the lower Gassum Formation (156+ m) without penetrating the entire
formation, and the Flyvbjerg-1well drilled 178 m Gassum Formation and reached TD in the upper Skagerrak
Formation (194+ m), proving the existence of potential geothermal reservoirs in the Fjerritslev Trough
(Figure 1). The wells also encountered sandstones in the Flyvbjerg Formation between the Frederikshavn
and Haldager Sand formations. However, the maost promising reservoir sandstones in terms of exploitation of

geothermal energy are the Gassum and Skagerrak formations (Mathiesen et al. 2009).



The more distant Vedsted-1 and Haldager-1 wells also encountered sandstones, in the Frederikshavn
Formation (235 and 243 m) and the Haldager Sand Formation (75 and 155 m). Haldager-1 reached total
depth before the Gassum Formation. Vedsted-1 drilled through the Gassum Formation (194 m) before
entering total depth in the Skagerrak Formation (>36 m).

On the Skagerrak-Kattegat Platform, the presence of sandstones in the Frederikshavn Formation (105 m), the
Haldager Sand Formation (20 m), the Gassum Formation (34 m) and in the Skagerrak Formation (538 m)
was confirmed by the Saby-1 well, proving the existence of potential geothermal reservoirs in the north of
the Fijerritslev Trough (Figure 1).



3 Geological background

The Danish Basin and the Sorgenfrei-Tornquist Zone with the Fjerritslev Trough contains an Upper
Permian—Mesozoic succession which is up to ¢. 9 km thick. The basin was formed by Late Carboniferous—
Early Permian stretching of the crust and after deposition of syn-rift prisms of Rotliegendes coarse-grained
clastic sediments followed a phase with thermal contraction, which lead to deposition of thick Zechstein salts
overlain by Triassic sandstones, mudstones, carbonates and salts. These are overlain by Lower Jurassic
mudstones, Middle Jurassic sandstones, Upper Jurassic—Lower Cretaceous mudstones and siltstones with
few sandstones. The Mesozoic succession is terminated by carbonates and chalks up to c¢. 220 m thick on the
Skagerrak-Kattegat Platform and up to approx. 400 m thick in the Fjerritslev Trough.

Geologically, the town of Bregnderslev and the Flyvbjerg-1, Barglum-1, Vedsted-1 and Haldager-1 wells are
located in the NW-SE running Fjerritslev Trough, Flyvbjerg-land Bgrglum-1 in the northern part of the
trough, and Vedsted-1 and Haldager-1 c. 25 km to the south in the central part of the trough (Figure 1).
Vedsted-1 and Haldager-1 are structurally separated by the Haldager Fault. A major fault zone termed the
Barglum Fault separates the Fjerritslev Trough from the Skagerrak-Kattegat Platform to the north where the
Saeby-1 well is located (Figure 1). The fault zone plays an important role in the geological development of
the licence area which is stressed by the fact that the potential geothermal reservoirs are significantly thicker

in the trough than on the platform.

The five wells have proved sandstones of Late Triassic and Jurassic age distributed between the
Frederikshavn, Haldager Sand, Gassum and Skagerrak formations. In the Fjerritslev Trough the Gassum
Formation is located at a depth of 1300-1500 m with a total thickness close to 200 m (i.e. the Bgrglum-1 and
Flyvbjerg-1 wells). The Skagerrak Formation was found below ~1500 m in the Flyvbjerg-1 well, which
penetrated the upper 194 m of the formation, but seismic data indicates a total thickness of ¢. 2000 m. The
composition of the Gassum Formation is well-known and consists mostly of interbedded sandstones,
siltstones, mudstones and thin coal beds (Nielsen 2003). In the Barglum-1 and Flyvbjerg-1 wells sandstones
are the dominating lithology. The composition of the Skagerrak Formation is less known due to much fewer
well sections, but it is very variable consisting of sandstones, mudstones, conglomerates, siltstones and
mixtures hereof.

In the Seeby-1 well situated on the Skagerrak-Kattegat Platform the Gassum Formation is located at 1077-
1111 m with a total thickness of 34 m, while the Skagerrak Formation was found just below the Gassum
Formation at 1111-1649 m with at total thickness of 538 m.



4 The lateral continuity of the potential reservoirs in the Northern
Jutland area

The seismic data available in and around the Brenderslev area (see Figure 1) has mainly been acquired as
part of previous hydrocarbon exploration activities. Most of these data were produced before 1970 and in the
mid-eighties. The quality of these older seismic data is mostly poor to moderate (Figure 1).

The interpreted seismic data have been used to evaluate the presence and variations of the reservoirs,
reservoir depth, changes in reservoir thickness and the occurrence of significant faults which may inflict on
lateral continuity of the potential reservoirs. The seismic interpretation is accompanied by relevant seismic
sections illustrating the geological conditions close to the wells and the planned well site (Figure 2—Figure
5).

Several of the seismic lines had to be scanned and digitised from the original paper format. Afterward the
scanned and digitized lines were loaded onto a seismic workstation. This procedure insures that the new
interpretation can be integrated with earlier mapping efforts. This integration of all existing interpretations
result in maps that are more consistent on a local scale compared to the earlier more regional maps, and the
new maps prepared for this study are therefore more correct to use for evaluation of the continuity and the
depth to the reservoirs in the study area.

4.1 Seismic interpretation and mapping (TWT maps)

As the quality of the seismic lines in the greater Bragnderslev area mostly are poor the generation of depth
maps and assessments of formation thicknesses involve significant uncertainty (+/- 10%); this is also true for
the planned well site. Great effort has been invested in minimizing the uncertainty by scrutinizing relations
between seismic lines and well data, thereby obtaining as precise an understanding of the subsurface as
possible. The most important seismic lines are:

e DNJ-100
e DNJ-200
e DNJ-300
e DNJ-500

DNJ-100 (Figure 2) constitutes the most important seismic line as it connects the Flyvbjerg-1 and Haldager-
1 wells and passes relatively close to the planned well site (c. 1.5 km). DNJ-200 connects the Bgrglum-1 and
Flyvbjerg-1 wells, DNJ-500 connects the Vedsted-1 and Haldager-1 wells and DNJ-300 originates at the
Flyvbjerg-1 well and crosses the Bagrglum Fault in the general direction of the Saeby-1 well.
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Tracing of seismic horizons is impeded by the lack of seismic details. Seven horizons, however, have been
identified and interpreted (see Figure 2—Figure 5):

e Base Upper Cretaceous (BUC, i.e. Base Chalk)

e Near Top Frederikshavn Formation

e Near Top Haldager Sand Formation

e Mid Cimmerian Unconformity (MCU, i.e. Base Haldager Sand Fm/Top Fjerritslev Fm)
e Near Top Gassum Formation

o Near Top Skagerrak Formation (=near Base Gassum Formation)

e Near Top Pre-Zechstein

The identification and definition of these seven horizons is based on an integration of stratigraphic well picks
of the Bgrglum-1, Flyvbjerg-1, Vedsted-1, Haldager-1 and Saby-1 wells with seismic reflections as
interpreted from the seismic data. The subsequent seismic mapping comprises four horizons: Base Upper
Cretaceous (BUC), Mid-Cimmerian Unconformity (MCU), Near Top Gassum Formation and Near Top
Skagerrak Formation (see also Enclosure 1-Enclosure 4). Formation top and base has only been defined for

the Gassum Formation; vertical extent of other formations with geothermal potential is not available.

It is important to be aware of the fact that the Gassum Formation does not constitute a single and
homogenous reservoir; the formation is a stratigraphic interval composed of a mixture of alternating
lithologies which is likely to include sandstones with reservoir potential. However, the seismic resolution in
the study area is not good enough to define and correlate individual sandstone units within the seismic
sequences. As no high resolution seismic data is available at the planned well site, it is not possible to

identify individual sandstone horizons with geothermal potential within the Gassum Formation.

4.2 ldentification of faults

Three major faults or fault zones have been identified, all of which are part of the Sorgenfrei-Tornquist Zone
(Figure 1). The well-known NW-SE trending Barglum Fault zone separates the Fjerritslev Trough from the
Skagerrak-Kattegat Platform and is clearly depicted in Figure 4. The Bgrglum fault zone is situated c. 10
km NE of the planned well site and is assumed to have no impact on lateral continuity of the potential
reservoirs. Expectedly, the NW-SE trending Haldager Fault situated c. 20 km SW of the planned well site

will not inflict on reservoir continuity either.

An unnamed fault clearly visible on the seismic line DNJ-100 is situated c. 3 km SW of the planned well
site. This fault (informally termed the Bronderslev Fault in this report) is also interpreted to be present west
of Brgnderslev town based on the seismic lines AA4 and B9, both of which are of poor quality. Further west
and east of Brgnderslev town the Branderslev Fault cannot be traced which may be due to the poor quality of
the seismics and/or that the vertical displacement (throw) has died away. The Brgnderslev Fault follows a
NW-SE trend as the Brgnderslev and Haldager faults and possibly does not inflict on reservoir continuity,

however new seismic data with higher resolution are needed to determine the importance of the fault.
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Minor faults were not identified within or close to the license area. However, the lack of good quality
seismic data impedes the degree of seismic details and thus prohibits identification of lateral seismic
variations. Thus, the presence of more faults cannot be ruled out.

4.3 Depth to and thickness of potential reservoirs at the planned well site
Accurate depth-conversion from time (seismic two-way travel time, TWT) to depth of the structural maps
and seismic sections is difficult due to limited velocity data. Available TWT data only exist from the
Barglum-1 and Haldager-1 wells. Haldager-1 is situated further away from the planned well site than
Barglum-1 (Figure 1) and a pronounced fault separates Haldager-1 from the planned well site (Figure 1).
All maps are thus depth-converted based on a time-depth relationship (Depth = 1.3423 * TWT - 53.995)
derived from data from the Barglum-1 well (Figure 6).

Depth mapping of BUC, MCU, Near Top Gassum Formation and Near Top Skagerrak Formation
(Enclosure 1-Enclosure 4) is hampered by the poor velocity data and it is thus not possible to generate
precise depth structure maps. In this context gridding the interpreted surfaces with identified faults
introducing “jumps” of contour intervals across faults or fault zones is of reduced value due to the
uncertainty of the location and orientation of the contour intervals. For the Bragnderslev Fault this uncertainty
is further enlarged as the fault is only properly represented in the seismic line DNJ-100 and the orientation is
uncertain. New seismic data is needed in order to map faults more precisely and in order to generate precise
depth structure maps.

Despite the uncertainties in mapping exact depths the spatial representation of structural surfaces (e.g.
formation tops) is believed to be fairly accurate and in correspondence with regional mapping. Thus, the SW
deepening trend of the near Top Gassum Formation surface (Enclosure 3) and the near Top Skagerrak
Formation surface (Enclosure 4) indicates deeper burial and higher temperatures of these two formations. If
the currently planned well location is moved c. 5 km to the SW the expected burial increase of the Gassum
Formation may be in the range of c. 400-700 m corresponding to a temperature increase in the range of c.
11-19 °C. However, moving into more distal parts of the depositional basin may cause a slight reduction in
grain size and net sand thickness and increasing depth leads to reduced permeability.

Shot Point 1360 of the seismic line DNJ-100 is located c. 1.5 km away from the planned well site (Figure 1).
The TWT of the identified seismic horizons in shot point 1360 are depth-converted based on the mentioned
Barglum-1 time-depth relationship (Table 1). From the identified formation tops and bases the thickness of
the Gassum and Skagerrak formations can be estimated (Table 2). Identification of the base (and thus
formation thickness) of the Frederikshavn and Haldager Sand formations has not been done as the relevant
reflectors are hard to recognize and trace.
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Table 1: TWT converted to depths for identified seismic horizons of the seismic line DNJ-100 at shot point

1360.

Seismic horizon Two way travel time Depth

(msec) (m)

Base Upper Cretaceous 436 531
Near Top Frederikshavn Fm. 620 778
Near Top Haldager Sand Fm. 824 1052
Mid Cimmerian Unconformity 864 1106
Near Top Gassum Fm. 1036 1337
Near Top Skagerrak Fm. 1124 1455
Near Top Pre-Zechstein 2592 3425

Table 2: Estimated formation thicknesses based on the seismic line DNJ-100.

Formation Formation thickness
(m)
Frederikshavn -
Haldager Sand -
Gassum 118
Skagerrak 1970

It is worth noting that the seismic-derived formation thickness of the Gassum Formation at the planned well
site (Table 2) is considerably smaller than the measured formation thickness in the nearest well, Flyvbjerg-1
(Table 15-Table 18); c¢. 118 m compared to 178 m. From the interpretation of the seismic line DNJ-100

(Figure 2) a thickening of the Gassum Formation from the planned well site towards the Flyvbjerg-1 well is
indicated corresponding to a TWT increase from 88 msec to 138 msec. As the proportion between TWT
thickness (88 msec/138 msec = 0.64) is almost identical to proportion between TWT thickness in meters (88
msec/138 msec = 0.66) it is concluded that the expected formation thickness of 118 m at the planned well

site is likely.
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5 Assessment of the reservoir quality in the Brgnderslev area

The evaluation of the reservoir quality in the study area is based on the data presently available. The data
primarily comprises well logs, cuttings samples, conventional cores and seismic data that have been acquired
over a long time span during hydrocarbon exploration activities. The investigated Frederikshavn, Haldager
Sand, Gassum and Skagerrak formations are also known from other areas owing to activities related to

geothermal energy and gas storage.

The most promising geothermal reservoirs in the Northern part of Jutland are considered to be sandstones of
the Gassum Formation an in part the Skagerrak Formation. The distribution and petrophysical properties of
the more shallowly buried formations in the area (i.e. the Haldager Sand, Flyvbjerg and Frederikshavn
formations) are less known and the assessment of their geothermal potential is more uncertain and
considered of less importance due their low temperatures; these shallow formations may, however, be of
interest and have been evaluated.

In the Fjerritslev Trough the Bgrglum-1 and Flyvbjerg-1 wells are the primary data source with additional
data input from the more distant VVedsted-1 and Haldager-1 wells. North of the Bgrglum Fault zone, on the
Skagerrak-Kattegat Platform, the primary information concerning the potential reservoirs is based on the
Seeby-1 well.

5.1 Reservoir quality controlling parameters

Based on the well log interpretation a set of parameters controlling reservoir quality is defined (Table 3).
Good reservoir properties are defined on the basis of two criteria: a Vgnae cut-off and a porosity cut-off. The
net sand thickness, net-to-gross ratio (N/G) and average porosity are calculated by the use of different cut-off
values in order to estimate and document the sensitivity of the quantitative log interpretation. Sand/sandstone
is defined as ‘sand’ with an acceptable clay content of up to 30%, which is standard praxis within reservoir
evaluations.

The 30% Vqhae cut-off was applied to exclude claystones and shaly sandstones with a poor reservoir
potential. Furthermore, various porosity cut-offs were also applied to qualify and characterise the potential
reservoir sandstones. This analysis results in an assessment of the accumulated net sand thickness based on a
certain minimum porosity. The reservoir parameters have been calculated for four different minimum
porosity values (0, 10, 15 and 20%) in order to illustrate the sensitivity of net sand thickness when applying
constraints to the porosity (the 0% scenario corresponds to no porosity cut-off).

In Sections 5.2-5.6 the principles behind determining the reservoir parameters are discussed in detail. The

results of the petrophysical evaluation are listed in Table 7-Table 22.
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Table 3: Definition of reservoir parameters

Reservoir parameter Definition
Formation thickness The distance between the upper and lower boundary of a formation
Sand/sandstone Sand/sandstone with a maximum clay content of 30%

The total (cumulative) thickness of all identified Sand/sandstone

Gross sand thickness . . .
layers in a given formation

Sand/sandstone layers exhibiting good reservoir quality properties

Net sand (controlled by porosity cut-off)

Net sand thickness The total (cumulative) thickness of all layers of Net sand

Net sand thickness divided by Formation thickness; N/G is calculated

Net-to-gross ratio (N/G) for each formation separately

The average effective porosity determined by averaging of all

Average porosity porosity values defined for every Net sand layer

Estimated gas permeability The average gas permeability of all sandstone layers in the net sand

section
Estimated reservoir permeability (I;?ulltg)glcatlon of Estimated gas permeability with an upscaling factor
T oo Multiplication of Estimated reservoir permeability with Net sand
ransmissivity .
thickness

5.2 Database, log quality and petrophysical evaluation

The petrophysical evaluation of the wells is based on the various logs acquired in the wells (Table 4), and it
encompasses assessment of the porosity and permeability based on the amount of clay in the formation, if
possible on the basis of the available logs. Log quality is therefore of great importance when assessing
reservoir parameters. Results from the well log analysis are combined with lithological descriptions of the
rock samples and core analysis data to strengthen the overall petrophysical evaluation. Table 5 shows the

availability of cores and sidewall cores for analysis.

A standard porosity log has not been acquired for the Barglum-1 (Figure 7—Figure 8), Vedsted-1 (Figure
11-Figure 12) and Haldager-1 (Figure 13) wells, and instead the porosity was determined from a combined
use of a deep-reading resistivity log and core porosity data. A full petrophysical evaluation of the Flyvbjerg-
1 well (Figure 9—Figure 10) is not possible due to an incomplete log suite and a very limited amount of core
analysis data — thus, the evaluation is based mainly on the lithology description available from the Well
Completion Report (DAPCO 1958a). The thickness of the reservoir sand (net sand) is also assessed, and is
based on a minimum porosity and maximum clay content for the reservoir sand. The petrophysical logs
recorded in the Saby-1 well are generally of good and reliable quality, and include gamma ray, caliper,
neutron, sonic, density and resistivity logs (Table 4 and Figure 14-Figure 15). The results of the

petrophysical evaluation are listed in Table 7-Table 22.
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Table 4: List of raw logs and interpreted log curves for the Flyvbjerg-1, Bgrglum-1, Vedsted-1, Haldager-1

and Seby-1 wells

Log name Description Unit Application

GR Gamma ray log API Measured natural radioactivity
GRnorm Gamma ray log API Measured natural radioactivity

DT Sonic log microsec/ft | Acoustic log measured travel time (/velocity)
CALI Caliper log inches Measured borehole size (diameter)
CALI_nuc Caliper log inches Measured borehole size (diameter)
ILD Deep-reading resistivity log ohm Induction log

LLS Shallow-reading resistivity log | ohm Laterolog

LLD Deep-reading resistivity log ohm Laterolog

16ft Older resistivity log ohm

38In Older resistivity log ohm

10in Older resistivity log ohm

18F8 Older resistivity log ohm

64in Older resistivity log ohm

NPHI Neutron log fraction Measured apparent porosity

RHOB Density log glcm’ Measured bulk density

PERM _log Log-derived permeability mD Interpreted/calculated log curve

Kh a Core permeability mD Measured horizontal gas permeability
CPERM_GEUS | Core permeability mD Measured gas permeability

PHIE Log-derived effective porosity | fraction Interpreted/calculated log curve
CPOR Core porosity % Measured effective porosity
CPOR_GEUS [Core porosity % Measured effective porosity at GEUS
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Table 5: Stratigraphic reservoir units, depth intervals and cored sections

Well Stratigfaphig Depth interval Cores Sidewall cores
reservoir unit [m MD]
. 838.1-844.3 .
Frederikshavn Fm 755-979 914.4-9175 No sidewall cores were cut
Haldager Sand Fm 1047-1076 183243:18322 No sidewall cores were cut
Barglum-1 1371.0-1375.6
Gassum Fm 1371-1518 iié;ﬁg; No sidewall cores were cut
1492.9-1499.0
Skagerrak Fm 1) — -
. 804.0-810.0 .
Frederikshavn Fm 750-921 879.0-885.0 No sidewall cores were cut
Haldager Sand Fm 990-1044 No cores were cut No sidewall cores were cut
Flyvbjerg-1 1316.0-1322.0
Gassum Fm 1308-1504 1396.0-1402.0 No sidewall cores were cut
1483.0-1489.0
Skagerrak Fm 1504-1698 2 - -
Frederikshavn Fm 841-1076 1034.0-1040.0 No sidewall cores were cut
Haldager Sand Fm 1149-1224 1149.0-1157.0 No sidewall cores were cut
1775.0-1780.0 L7889
Vedstec-1 Gassum Fm 1749-2037 1865.0-1870.0 135(1)2
2006.0-2012.0 '
1926.2
Skagerrak Fm 2037-2073 °) 2062.0-2068.0 No sidewall cores were cut
Frederikshavn Fm 785-1028 785.0-993.3 908.3
1153.7-1159.8 H2rs
T ) 1170.7
Haldager Sand Fm 1125-1280 1201.8-1204.9 1171.3
Haldager-1 1219.8-1222.9 12305
1271.9-1277.4 :
1261.9
Gassum Fm 3 - -
Skagerrak Fm 1 - -
610.0
Frederikshavn Fm 606-711 No cores were cut 623.0
652.0
Haldager Sand Fm 801-821 No cores were cut 820.0
Gassum Fm 1077-1111 No cores were cut 1079.0
1167.0
1169.0
1298.0
Saby-1 1305.0
1328.0
1441.0
Skagerrak Fm 1111-1649 1612.2-1630.0 1525.0
1601.0
1603.0
1609.0
1641.0
1643.0

Y Total depth reached before entering the Skagerrak Formation
) Total depth reached within the Skagerrak Formation; formation thickness unknown

3) Total depth reached before entering the Gassum Formation
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5.3 Interpretation of lithology

The lithologies of the drilled well sections are interpreted using raw log data, core samples, description of
cuttings and information from well completion reports and mud logs available in the archives of GEUS. For
each studied well a lithology column, bounded by the gamma-ray and sonic logs (if available), is generated
for all formations with geothermal potential (Figure 7—Figure 15). In Enclosure 5-Enclosure 9 a more
precise lithologic description is given for potential sandstone sections in each well based on descriptions of
core and cuttings samples.

5.4 Distinguishing between sand/sandstones and silt/siltstones in well logs

Sand and silt are identical sediment types distinguished by grain size. Sand/sandstones constitute potential
reservoirs whereas silt/siltstones do not. This fact poses a challenge with respect to well log interpretation as
sand and silt in general respond similarly to log signals. The gamma ray reading is not able to distinguish
sand from silt; consequently, a logged well section with low gamma reading may be interpreted either as a
potential reservoir (sand) or as a non-reservoir (silt). To identify the actual lithology behind the gamma ray
reading lithology descriptions (cuttings, cores, sidewall cores) available from the well completion report
should be included.

In general, sand occurs significantly more frequently compared to silt and the challenge of separating sand
from silt may only be relevant on few occasions. However, the effects of interpreting silt as sand (non-
reservoir as reservoir) is potentially potent, and it is recommendable to use the means available to secure a

correct lithological interpretation.

5.5 Evaluation of shale volume and porosity

The shale volume is calculated from the gamma-ray (GR) log using well-specific shale parameters, i.e.
background radiation (GR_clean) and the GR response for pure clay (GR_clay); see Table 6. The shale

volume (Vsnae) is then calculated as follows:
Vinate = (GR — GR_clean)/(GR_clay — GR_clean)

The background radiation related to the sandstone beds may vary due to the presence of radioactive minerals

other than clay/shale, e.g. heavy minerals or mica.
The log-derived effective porosity (PHIE) is determined from a clay corrected density log. A correct

determination of the amount of clay is essential, because the clay volume directly affects the porosity and
permeability interpretations.

18



Table 6: Response parameters for the gamma-ray (GR) log.

Formation Well Formation GR_clean GR_clay Clay density
interval (API) (API) (g/cc)
(m MD)
Borglum-1 755-979 32 120 2.40
Flyvbjerg-1 750-921 37 150 2.40
Frederikshavn | Vedsted-1 841-1076 65 150 2.40
Haldager-1 785-1028 48 150 2.40
Seeby-1 606-711 30 120 2.40
Borglum-1 1047-1076 32 120 2.40
Flyvbjerg-1 990-1044 37 150 2.40
Haldager Sand | Vedsted-1 1149-1224 65 150 2.40
Haldager-1 1125-1280 48 150 2.40
Seeby-1 801-821 30 120 2.40
Barglum-1 1371-1518 32 120 2.40
Flyvbjerg-1 1308-1504 37 150 2.40
Gassum Vedsted-1 1749-2037 65 150 2.40
Haldager-1 b - - 2.40
Seeby-1 1077-1111 30 150 2.40
Berglum-1 2 - - 2.40
Flyvbjerg-1 1504-1698 ¥ 37 150 2.40
Vedsted-1 2037-2073 %) 65 150 2.40
Skagerrak Haldager-1 2 - — 2.40
1111-1444 40 200 2.40
Seeby-1 1444-1639 70 400 2.40
1639-1649 2.40

Y Total depth reached before entering the Gassum Formation
2 Total depth reached before entering the Skagerrak Formation
% Total depth reached within the Skagerrak Formation; formation thickness unknown

5.6 Evaluation of permeability

Technically, it is not possible to log the permeability in a well, however, a permeability estimate can be
derived from the estimated porosity a porosity-permeability relationship set up on the basis of core data. It is
important to realize that this porosity-permeability relationship is based on gas permeability and not liquid
permeability as only a limited amount of permeability data is available for the latter. These two types of
permeabilities differ in size; as a rule of thumb the gas permeability is approx. twice the size of the liquid

permeability.

Most porosity and permeability measurements conventional core analysis were performed at standard
conditions, i.e. with a sleeve pressure of 400 psi and not at formation pressure where grains and particles are
squeezed closer together resulting in reduction of porosity and permeability. Thus, the measured porosities
and permeabilities presented in Springer & Haslund (1985) may overestimate porosities and permeabilities at

reservoir conditions.
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5.6.1 The regional porosity-permeability relation

GEUS has established a porosity-permeability relation using a regional dataset, which encompasses core
analysis data from several Danish onshore wells and including the Bunter Sandstone, Gassum and Haldager
Sand formations (Figure 16). This non-linear relationship, which is shown by a solid curve in the figure, has
been used for assessing the average gas permeability, acknowledging that a deviation from this trend line
obviously exists on a local scale. The log-derived gas permeability (PERM_log) is calculated from the log
porosity (PHIE) using a mathematical expression: PERM _log = a-(PHIE)®, where a and b are constants.
Consequently, the log-derived gas permeability is not a direct measurement, but a calculated estimate. The

permeability curve is derived from the log porosity curve using the following mathematical expression:

PERM_log = 196449-(PHIE)**"®2

where PHIE is a fraction and the log-derived gas permeability (PERM log) is measured in mD. This
expression has been used for calculating PERM log in the Frederikshavn, Haldager Sand and Gassum
formations. The regional porosity-permeability relation fits the distribution of Skagerrak Formation data
points poorly and is replaced by an adjusted relation (Figure 19) using the following mathematical
expression:

PERM log = 4-10° - (PHIE)""°

5.6.2 The depth-porosity relationship

The Gassum Formation is the main geothermal target in the Danish subsurface and has been investigated
more thoroughly than other sandstone reservoirs. A total of 35 onshore wells have encountered the Gassum
Formation and provided well log data from which net sand and the average effective porosity for net sand
have been estimated. Plotting depth (defined as top of formation) against average porosity provide a regional

depth-porosity trend (Figure 18) that may be used for estimating porosity when formation depths are known.

The depth-porosity values of Barglum-1, Vedsted-1 and Seeby-1 have been emphasized in Figure 18; Note
that in Barglum-1 the porosity seems overestimated compared to the trend whereas in Vedsted-1 and Seeby-1
the porosity seem underestimated. It is resolved that a more reliable porosity assessment is obtained for the
planned well site based on the expression for the regional trend (y = -0.0033 x depth + 28.474).

5.6.3 Upscaling

In core analysis permeability measurements are made on flawless plugs and e.g. cracks and larger
inhomogeneities occurring on reservoir scale are not accounted for in the porosity-permeability relation
(Figure 16). Such upscaling phenomena may influence critically on permeability and thus the porosity-
permeability relation and ultimately the log-derived permeability estimate are affected. In fact, comparing
log-derived permeability estimates with well pumping tests has proven the permeability estimates to be
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somewhat conservative in general. In order to solve the issue of upscaling and also converting gas
permeability to liquid permeabilty GEUS has, based on extensive datasets and general experience,
developed an upscaling factor with the value of 1.25; multiplying 1.25 with the log-derived gas permeability
estimate provides a liquid permeability estimate scaled for the reservoir (see Table 7-Table 23).

It should be born in mind that both the porosity-permeability relation and the upscaling factor are based on
the study and evaluation of regional datasets. Locally, particular geological conditions may control the
magnitude of porosity and permeability and cause significant deviations from the regional porosity-
permeability relation.

5.7 Petrophysical evaluation of the Frederikshavn Formation
The Frederikshavn Formation has been encountered in the Barglum-1, Flyvbjerg-1, Vedsted-1, Haldager-1
and Saby-1 wells. The results of the petrophysical evaluation are listed in Table 7-Table 10.

Table 7: Reservoir parameters of the Frederikshavn Formation for net sand: Shale cut-off applied, porosity

cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 0%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)
Bgrglum-1 755-979 224 74.3 74.3 0.33 14 65 80
Flyvbjerg-1 750-921 171 115.3 1153 | 067 1) 1) D
Vedsted-1 841-1076 235 38.1 38.1 0.16 13 35 45
Haldager-1 785-1028 243 56.4 56.4 0.23 28 1400 1750
Seeby-1 606-711 105 532 53.2 0.51 30 1250 1560

Y 'Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 8: Reservoir parameters of the Frederikshavn Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 10%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)
Bgrglum-1 755-979 224 74.3 71.2 0.32 15 70 90
Flyvbjerg-1 750-921 171 115.3 1) 1 1) 1 Y
Vedsted-1 841-1076 235 38.1 30.8 0.13 14 40 50
Haldager-1 785-1028 243 56.4 54.1 0.22 29 1450 1813
Seehy-1 606-711 105 53.2 52.3 0.50 31 1300 1625

) Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well
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Table 9: Reservoir parameters of the Frederikshavn Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 15%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)
Bgrglum-1 755-979 224 74.3 22.4 0.10 19 160 200
Flywbjerg-1 750-921 171 115.3 1) 1 1) 1 1)
Vedsted-1 841-1076 235 38.1 8.5 0.04 16 65 80
Haldager-1 785-1028 243 56.4 43.6 0.18 34 1800 2250
Seby-1 606-711 105 53.2 52.3 0.50 31 1300 1625

) Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 10: Reservoir parameters of the Frederikshavn Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 20%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (*0) (mD) (mD)
Borglum-1 755-979 224 74.3 8.8 0.04 21 235 295
Flyvbjerg-1 750-921 171 115.3 1) 1 1) 1 Y
Vedsted-1 841-1076 235 38.1 0 0 - - -
Haldager-1 785-1028 243 56.4 43.6 0.18 34 1800 2250
Seehy-1 606-711 105 53.2 50.5 0.48 31 1325 1650

) Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

5.8 Petrophysical evaluation of the Haldager Sand Formation

The Haldager Sand Formation has been encountered in the Bgrglum-1, Flyvbjerg-1, Vedsted-1, Haldager-1

and Saby-1 wells. The results of the petrophysical evaluation are listed in Table 11-Table 14.

Table 11: Reservoir parameters of the Haldager Sand Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 0%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (*0) (mD) (mD)
Berglum-1 1047-1076 29 16 16 0.54 22 65 82
Flyvbjerg-1 | 990-1044 54 46 46 0.85 1) 1) b
Vedsted-1 1149-1224 75 65 65 0.86 29 950 1200
Haldager-1 1125-1280 155 126 126 0.81 26 730 913
Seby-1 801-821 20 11 11 0.53 27 870 1090

Y Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 12: Reservoir parameters of the Haldager Sand Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 10%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (*%0) (mD) (mD)
Berglum-1 1047-1076 29 16 16 0.54 22 65 82
Flyvbjerg-1 | 990-1044 54 46 1) 1) 1) 1) b
Vedsted-1 1149-1224 75 65 65 0.86 29 950 1200
Haldager-1 1125-1280 155 126 125 0.81 26 730 913
Seby-1 801-821 20 11 11 0.53 27 870 1090

Y Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well
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Table 13: Reservoir parameters of the Haldager Sand Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 15%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (*0) (mD) (mD)
Berglum-1 1047-1076 29 16 14 0.48 23 660 825
Flyvbjerg-1 | 990-1044 54 46 1) 1) 1) 1) Y
Vedsted-1 1149-1224 75 65 64 0.85 29 960 1200
Haldager-1 1125-1280 155 126 116 0.75 27 800 1000
Seeby-1 801-821 20 11 11 0.53 27 900 1125

) Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 14: Reservoir parameters of the Haldager Sand Formation for net sand: Shale cut-off applied, porosity
cut-off applied. Net sand defined as sandstone with < 30% shale, and porosity > 20%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (*0) (mD) (mD)
Bgrglum-1 1047-1076 29 16 8 0.28 27 1050 1313
Flyvbjerg-1 | 990-1044 54 46.8 1) 1) 1) 1) b
Vedsted-1 1149-1224 75 65 62 0.82 29 990 1238
Haldager-1 1125-1280 155 126 103 0.66 28 880 1100
Seby-1 801-821 20 11 9 0.45 29 1015 1269

) Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

5.9 Petrophysical evaluation of the Gassum Formation

The Gassum Formation has been encountered in the Barglum-1, Flyvbjerg-1, Vedsted-1 and Seeby-1 wells.
The Haldager-1 well does not reach the Gassum Formation. In the Fjerritslev Trough the Gassum Formation
is encountered in the depth interval 1308-1518 m in Bgrglum-1 and Flyvbjerg-1, and somewhat deeper,
1749-2037 m, in Vedsted-1. On the Skagerrak-Kattegat Platform the Gassum Formation is located more
shallowly at 1077-1111 m. The development of the Gassum Formation in the four wells varies considerably,
both with respect to thickness, clay content and porosity. In Flyvbjerg-1 and Vedsted-1 the Gassum
Formation appears at 2 and 3 depth intervals due to the geological evolution in this area; this implies a
sedimentation pattern alternating between deposition of sediments belonging to the Gassum and Fjerritslev
formations. The results of the petrophysical evaluation are listed in Table 15-Table 18.

5.9.1 The Bgrglum-1 well

A rather thick and almost homogeneous reservoir interval has been interpreted from the log data in the
Barglum-1 well (Figure 8). Interpreted porosities are quite high but subject to some uncertainty because a
standard porosity log is not available from the well. On the other hand, the core-porosity measurements,
which form the basis of calibrating the log porosity, are generally high and range from 22—-40%, and the core
data thus support and guide the log interpretation. The cored sandstones are described as predominantly fine-
grained (DAPCO & DGU 1951). Variations in lithology are summarized in Enclosure 5.
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Similarly, a limited number of core permeability measurements in the range 5-5000 mD are available from
the Bgrglum-1 well, indicating that in general a high permeability level apply to the Gassum Formation in
this well. The permeability has not been logged, and the estimated permeability values listed in Table 15—
Table 18 are modelled from a combined use of core analysis data and the regional GEUS permeability
model for the Gassum Formation, which presumes the existence of a robust relationship between porosity,
permeability and grain size. The regional model includes core analysis data from the Bgrglum-1, Vedsted-1,

Gassum-1, Farsg-1, but not from the Saeby-1 well as this well was not cored in the Gassum Formation.

5.9.2 The Flyvbjerg-1 well

In the Flyvbjerg-1 well, the Gassum Formation sandstones are predominantly medium-grained, but
occasionally coarse-grained (DAPCO 1958a). In Enclosure 6 the variations in lithology are summarized.
The Flyvbjerg-1 well is cored in the Gassum Formation, but no original core analysis data exist in GEUS’
archive from this well. Very recently, however, GEUS analyzed six core plugs from the interval 1316-1487
m MD, and these samples point to porosity and permeability values that are very similar to those found in the

Barglum-1 core.

5.9.3 The Vedsted-1 well
Compared to the Bgrglum-1, Flyvbjerg-1 and Seeby-1 wells the Gassum Formation of Vedsted-1 is thicker,

but a relatively higher content of shale keeps the net sand thickness and N/G values low. The sandstones are
predominantly fine-grained, frequently medium-grained and occasionally coarse-grained (DAPCO 1958b).
Variations in lithology are summarized in Enclosure 8.

5.9.4 The Saeby-1 well

In the Saby-1 well, the Gassum Formation is thin with relatively high clay content, and only a minor net
reservoir interval is encountered in the well. The sandstones of the interval 1090-1100 m MD are described
as medium to coarse-grained (see Dansk Olie og Gas Produktion A/S 1985). Variations in lithology are

summarized in Enclosure 9.

5.9.5 Combining well information

The petrophysical evaluation of the Gassum Formation indicates that the reservoir sand thickness is quite
large in the Bgrglum-1 well, in contrast to the Saeby-1 well in which only a thin interval having reasonably
high reservoir quality has been interpreted from the log data.

The Gassum Formation in the Bgrglum-1 well is characterized by high porosities — and in general also high
permeabilities. Despite that the log data from the Barglum-1 well are incomplete, the available log and core
analysis data indicates that the Gassum Formation has a geothermal potential. If a minimum porosity of 20%
is required, the reservoir sand thickness is about 75 m in the Bgrglum-1 well. The well did not reach the base
of the formation, and additional sandstones are assumed to be present below TD in the well (Nielsen 2003).
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It has not been possible to evaluate the old and very incomplete log data acquired in the Flyvbjerg-1 well.
Nevertheless, information on the lithology of the Gassum Formation — including grain size assessments — is
presented in the Well Completion Report (DAPCO 1958a). Based on this information and the log patterns it
may be concluded that the Gassum Formation in Flyvbjerg-1 is thicker (178 m) than in Bgrglum-1 (min.147
m; Table 15-Table 18), but the proportion of non-reservoir mudstones and muddy sandstones are higher in
Flyvbjerg-1. However, due to larger gross thickness of the formation it is assumed that the net sand thickness
in Flyvbjerg-1 is comparable to the estimated values for Bgrglum-1. The Gassum Formation is thus
considered to constitute a good to excellent reservoir in the Barglum-1 and Flyvbjerg-1 wells (Nielsen 2003).

Table 15: Reservoir parameters of the Gassum Formation for net sand: Shale cut-off applied, porosity cut-
off applied. Net sand defined as sandstone with < 30% shale, and porosity > 0%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)

Borglum-1 | 1371-1518 147 Y 86 86 - 0.59 29 1100 1375

Flyvbjerg-1 | 1308-1330 178 122 122 0.69 2 2 2
1348-1504

Vedsted-1 1749-1799 194 109 109 0.56 14 50 63
1818-1823
1898-2037

Seeby-1 1077-1111 34 23 23 0.68 20 250 313

D The entire Gassum Formation has not been penetrated; Thus Formation thickness is a minimumvalue and Gross sand
thickness and Net sand thickness may be larger, N/G may be higher or lower
2) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 16: Reservoir parameters of the Gassum Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 10%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)

Barglum-1 1371-1518 147 86 86 0.59 29 1100 1375

Flyvbjerg-1 1308-1330 178 122 2 2 2 4 &
1348-1504

Vedsted-1 1749-1799 194 109 88 0.45 15 65 81
1818-1823
1898-2037

Seeby-1 1077-1111 34 23 21 0.62 20 260 325

Y The entire Gassum Formation has not been penetrated; Thus Formation thickness is a minimumvalue and Gross sand

thickness and Net sand thickness may be larger, N/G may be higher or lower
2) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well
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Table 17: Reservoir parameters of the Gassum Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 15%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)

Borglum-1 [ 1371-1518 147 Y 86 82" | 056 29 1200 1500

Flyvbjerg-1 | 1308-1330 178 122 %) 4 %) 4 2
1348-1504

Vedsted-1 1749-1799 194 109 46 0.24 18 110 138
1818-1823
1898-2037

Saehy-1 1077-1111 34 23 17 0.50 22 320 400

) The entire Gassum Formation has not been penetrated; Thus Formation thickness is a minimumvalue and Gross sand
thickness and Net sand thickness may be larger, N/G may be higher or lower
2) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 18: Reservoir parameters of the Gassum Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 20%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)

Berglum-1 | 1371-1518 147 86 - 74 0.50 30 1300 1625

Flyvbjerg-1 | 1308-1330 178 122 %) 4 %) 4 2
1348-1504

Vedsted-1 1749-1799 194 109 3 0.02 22 250 313
1818-1823
1898-2037

Saehy-1 1077-1111 34 23 10 0.29 24 470 588

D The entire Gassum Formation has not been penetrated; Thus Formation thickness is a minimumvalue and Gross sand
thickness and Net sand thickness may be larger, N/G may be higher or lower
2) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

5.10 Petrophysical evaluation of the Skagerrak Formation
The Skagerrak Formation has been encountered in the Flyvbjerg-1, Vedsted-1 and Seeby-1 wells. The

Bgrglum-1 and Haldager-1 wells do not reach the Skagerrak Formation.

5.10.1 The Flyvbjerg-1 well

The upper part of the Skagerrak Formation (194 m) was encountered in the Flyvbjerg-1 well (Figure 10), but
it is not possible to evaluate the reservoir quality due to the lack of logs of sufficient quality. The acquired
SP-log, however, shows together with cuttings descriptions the presence of several sandstone beds with
thicknesses up to c. 15 m. The two cores taken were in shale sections; thus no core descriptions or core

analysis data exist.

5.10.2 The Vedsted-1 well
In Vedsted-1 only the upper 36 m of the Skagerrak Formation was penetrated thus providing little
information of potential reservoirs in the formation. However, 6 m of core consisting of conglomerate, fine—

coarse grained fluvial sand and shale was recovered and porosity-permeability analysis performed. The
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results indicate good reservoir qualities with high porosities (23-29%) and high gas permeabilities (341
3112 mD). It is noteworthy that the porosity-permeability trend of the Skagerrak Formation in Vedsted-1
follows the corresponding regional trend for the Bunter Sandstone Formation (Figure 17). One data point is
excluded from the trend due to very low permeability (5 mD), but despite fair porosity (20%). Assuming that
the Skagerrak Formation below total depth contains continuous sandstone intervals with reservoir properties
comparable to those of the recovered core the Skagerrak Formation at the Vedsted-1 well may prove

exploitable.

5.10.3 The Seeby-1 well

In the Seeby-1 well, the Skagerrak Formation (1111-1649 m) consists of a variety of lithologies: sandstones,
claystones, siltstones and conglomerates, which complicates the interpretation of the logs in intervals
containing a mixture of these lithologies. The petrophysical evaluation is based on the gamma ray log-
response integrated with information from the density-neutron log combination (see Table 6 and Figure 15);
further, lithological information from the Saeby-1 well completion report and core inspection are included

(Enclosure 9).

The upper part of the Skagerrak Formation (1111-1444 m MD) is here regarded as mainly non-reservoir
with low net-to-gross ratio. However, as indicated in Table 19-Table 22 a number of thin intervals has

reasonable reservoir quality potential.

Much of the lower part of the Skagerrak Formation (1444-1639 m MD) contains fairly thick sandstones as
indicated by the separation between the neutron-density logs. A small number of shale intervals have,
however, been interpreted from the log data supported by the information from the mud log. Interpreted log
porosity (PHIE), core analysis data (Springer & Haslund 1985) and core inspection indicate that the apparent
sandstone unit contains conglomeratic intervals and may include various amounts of silt and partly calcite
cemented intervals (Figure 15). The sandstones are composed predominantly of medium to coarse grained
quartz (Dansk Olie og Gas Produktion A/S 1985). Sorting is very poor and silt particles may have infiltrated
the pore space of the sandstone reducing the porosity and permeability.

Much of the lower Skagerrak Formation is porous documented by the porosity data available from the cored
interval (1612-1630 m MD); in this interval porosities vary between 15 and 30% which corresponds well
with log porosity (15-30%). Furthermore, permeability values are available from core plugs taken in the
same interval (Springer & Haslund 1985). It is notable that the core permeability measurements cover an
unusually wide range, i.e. 0.1-1000 mD following a high and a low trend (Figure 17). The concentration of
data points along two trends may be explained by the presence of pure sandstone sections alternating with
either cemented sections, siltstone sections or sandstone sections with infilirated silt particles in the pore

space.
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To ensure a sufficiently large database the core measurements are integrated with data from the Skagerrak
Formation encountered in the Thisted-2, Vedsted-1, Gassum-1 and Mors-1 wells to establish the most
reliable porosity-permeability relationship for the Skagerrak Formation in the Brgnderslev area (Figure 19).
However, the sandstones of the Skagerrak Formation seen in the Thisted-2, Gassum-1 and Mors-1 wells
were deposited more distally, i.e. in a more basinward depositional environment, and are of higher quality
than more proximally deposited sandstones accumulated in alluvial fans (as seen in Seaby-1). Thus, the
sandstone permeabilities of the formation in especially the Gassum-1 and Mors-1 wells are higher for a given
porosity compared to Seeby-1 (Figure 19). Likewise, the higher sandstone permeabilities of Vedsted-1
compared to Szeby-1 may also be controlled by depositional environment. The porosity-permeability relation
of the Skagerrak Formation at the planned well site is assumed to follow trend in between the Saby-1 and
Vedsted-1 trends corresponding to the trend established for the Gassum Formation sandstones in the Stenlille

area.

With a minimum porosity of 15% the lowermost part of the Skagerrak Formation in Seeby-1 (1444-1639 m
MD) is interpreted to have good reservoir properties indicating a high geothermal potential (Figure 15).
Even if a minimum porosity of 20% is required, the reservoir sand thickness is quite large (approx. 130 m,
see Table 22). However, the presence of silt (Dansk Olie og Gas Produktion A/S 1985) reduces
permeability, especially if present in the sandstones. Further, cores (1612-1630 m) demonstrate very poor
sorting, a high degree of heterogeneity over short vertical intervals and cemented intervals with thicknesses
below well log resolution. This information provided by the completion report, core analysis and core
description (Michelsen & Nielsen 1993) is not identifiable in the well logs; the reservoir properties presented
in Figure 15 and Table 19-Table 22 may thus be highly optimistic.
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Table 19: Reservoir parameters of the Skagerrak Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 0%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (*0) (mD) (mD)
Flyvbjerg-1 | 1504-1698 [ >194 61" 61" 0.31 %) °) ‘)
Vedsted-1 2037-2073 >36 V) 16 167 [ 043 24 290 363
Seby-1 1111-1444 333 196 196 0.59 12 80 100
1444-1639 195 192 192 0.98 22 300 375
1639-1649 10 0 0 - - - -

) The entire Skagerrak Formation has not been penetrated; Thus Formation thickness is a minimum value and Gross
sand thickness and Net sand thickness may be larger, N/G may be higher or lower
%) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 20: Reservoir parameters of the Skagerrak Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 10%.

Well Formation | Formation | Gross sand | Netsand | N/G Awg. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)
Flyvbjerg-1 1504-1698 >194 61 < < < < <
Vedsted-1 2037-2073 >36 16 Y 15+ 0.43 25 300 375
Seeby-1 1111-1444 333 196 120 0.36 17 125 156
1444-1639 195 192 191 0.98 22 300 375
1639-1649 10 0 0 - - - -

D The entire Skagerrak Formation has not been penetrated; Thus Formation thickness is a minimum value and Gross
sand thickness and Net sand thickness may be larger, N/G may be higher or lower
2) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 21: Reservoir parameters of the Skagerrak Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 15%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)
Flywbjerg-1 | 1504-1698 | >194 Y 61" 2) 2 2) 2 %)
Vedsted-1 2037-2073 >36 1 16 " 159 o042 25 300 375
Saby-1 1111-1444 333 196 63 0.19 20 200 250
1444-1639 195 192 189 0.97 22 320 400
1639-1649 10 0 0 - - - -

D The entire Skagerrak Formation has not been penetrated; Thus Formation thickness is a minimum value and Gross
sand thickness and Net sand thickness may be larger, N/G may be higher or lower
) Parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well

Table 22: Reservoir parameters of the Skagerrak Formation for net sand: Shale cut-off applied, porosity cut-

off applied. Net sand defined as sandstone with < 30% shale, and porosity > 20%.

Well Formation | Formation | Gross sand | Netsand | N/G Aw. Estimated Estimated
interval thickness thickness thickness porosity | gas perm. res. perm.
(m MD) (m) (m) (m) (%) (mD) (mD)
Flywbjerg-1 | 1504-1698 | >194 Y 61" %) 2 %) %) %)
Vedsted-1 2037-2073 >36 1 16 " 149 1039 26 325 406
Seby-1 1111-1444 333 196 20 0.06 25 485 606
1444-1639 195 192 134 0.69 24 400 500
1639-1649 10 0 0 - - - -

) The entire Skagerrak Formation has not been penetrated; Thus Formation thickness is a minimum value and Gross

sand thickness and Net sand thickness may be larger, N/G may be higher or lower
2) parameter cannot be estimated due to incomplete log suite in the Flyvbjerg-1 well
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6 Assessed reservoir parameters for the planned well site

Assessing the reservoir quality for potential geothermal reservoirs at the planned well site is based on
extrapolation of interpreted reservoir parameters for the relevant wells guided by depth and thickness

information from seismic lines.

For each formation the reservoir quality in the planned well site is assessed by the following general

procedure:

1. Reservoir parameters are interpreted for the 5 wells (see Section 5)
2. The depth to the formation top is assessed from the seismic line DNJ-100 (see Section 4.1)
a. If this is not possible the depth is assessed from well data
3. The formation thickness is assessed from the seismic line DNJ-100 (see Section 4.1)
a. If this is not possible the thickness is assessed from well data
4. The importance (weight) of each well in relation to the planned well site is evaluated based on:
a. Distance between well and planned well site
b. Geological location of the well (Fjerritslev Trough, Skagerrak versus Kattegat Platform)
c. Geological evolution in the greater Brgnderslev area
d. Quality of well data
e. Whether formation depth and thickness can be evaluated from the seismic line DNJ-100

5. Reservoir parameters are assessed for the planned well site (see Section 6)

As mentioned in Section 4 seismic information in the greater Branderslev area and at the planned well site is
limited, as is the quality of well log data. In addition, the reservoir parameters for all interpreted formations
in the five wells (as presented in Section 5.7-5.10) show both similarities and significant variations
depending on formation, well location and availability of log data. Assessing reservoir parameters at the
planned well site thus involves significant uncertainties. In order to produce the best possible assessments
careful considerations are needed with respect to identifying the most reliable method of combining well log
and seismic data. Below, the considerations behind all assessed reservoir parameters for each formation are
explained and the results are listed in Table 23.

The porosities, permeabilities and transmissivities presented in Table 23 indicate fairly good reservoirs, but
the significant uncertainties connected to these values should be born in mind. This is especially true for the
Skagerrak Formation where the lack of sufficient data from wells in the Fjerritslev Trough is compensated
by the use of data from the more distant Seeby-1 well which in addition is situated in a very different
geological setting. Furthermore, the lower part of the Skagerrak Formation is buried deeper than the
geothermal depth window (800-3000 m). At depths approaching 3000 m the effects of e.g. diagenesis may
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inflict significantly on reservoir quality, which may cause assessments based on the Seeby-1 well where the
formation is more shallowly buried to be of limited value.

Table 23: Assessed reservoir parameters of the potential geothermal formations for net sand at the planned
well site (Virksomhedsvej): Shale cut-off applied, porosity cut-off applied. Net sand defined as sandstone
with < 30% shale, and porosity > 15%.

Potential Assessed reservoir parameters

geothermal Formation | Formation [Grosssand| Netsand | N/G Avg. | Estimated | Estimated | Transmissivity

formations interval thickness | thickness | thickness porosity | gas perm. | res. perm.

(mMD) (m) (m) (m) (%) (mD) (mD) (Bm)

Frederikshavn 778-989 211 79 24 0.10 21 469 586 14
Haldager Sand | 1052-1118 66 52 44 0.61 25 748 935 41
Gassum 1337-1455 118 77 53 0.45 24 609 762 40
Skagerrak 1455-3000" | 1545/200 ) 61 26 0.42 25 390 488 13

U A significant part (425 m) of the lower Skagerrak Formation is outside the geothermal depth window (800—
3000 m) and has been removed.
2 Only the upper 200 m of the formation is evaluated based on data from Flyvbjerg-1 and Vedsted-1

6.1 The Frederikshavn Formation

Saby-1 is situated on the Skagerrak-Kattegat Platform and is considered irrelevant for assessing the reservoir
parameters of the Frederikshavn Formation at the planned well site and will not be further considered in

relation to this formation.

Formation thickness

Formation thickness at the planned well site (F7viksomneasvej) IS difficult to estimate from the seismic line
DNJ-100 (see Section 4.1); instead it is estimated from the Bgrglum-1, Flyvbjerg-1, Vedsted-1 and
Haldager-1 wells. Barglum-1 and Flyvbjerg-1 are weighted double compared to Vedsted-1 and Haldager-1:
(2XF Taprgium + 2XF Triyuvjerg1 + FTvedstea-1 + FThatdager-1)/6

(2x224 m + 2x171 m + 235 m + 243 m)/6

211 m

FTVi rksomhedsvej =

Formation interval

Formation depth at the planned well site (FDvirsomeasvej) IS €Stimated to be c. 778 m from the seismic line
DNJ-100 (Table 1) and formation thickness (F7Tvirksomeasvej) 1S €Stimated to be 211 m. The formation interval
(Flvirsomnedsvej) then is c. 778-989 m.

Gross sand thickness

Gross sand thickness at the planned well site (GSTvirsomeasvej) 1S €Stimated from the Barglum-1, Flyvbjerg-1,
Vedsted-1 and Haldager-1 wells. Bgrglum-1 and Flyvbjerg-1 are weighted double compared to Vedsted-1
and Haldager-1:
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GSTVirksomhedsvej = (ZXGSTBzrquml + 2XGSTFvabjerg-l + GSTVedsted—l + GSTHaIdager—l)/6
(2x74.3 m + 2x115.3 m + 38.1 m + 56.4 m)/6
79m

Net sand thickness

Net sand thickness at the planned well site (NS T\virksomeasvej) 1S €Stimated from the Barglum-1, Vedsted-1 and
Haldager-1 wells. An evaluation of NST in the Flyvbjerg-1 well is not possible due to an incomplete log
suite. To fill in the data gap at Flyvbjerg-1, NSTryvbjerg-1 IS “borrowed” from NSTguqum1 and weighted one.
NSTgorgiuma 1S Weighted double compared to NSTriyvbjerg-1, VS Tvedsted-1 aNA NS Thaigager-1:

NSTVirksorThedsvej = (ZXNSTBﬂrqum-l + NSTFvabjerg-l + NSTVedsted-l + NSTHaIdager-l)/s
(2x22.4 m+22.4 + 8.5 m + 43.6 m)/5
24 m

Net to gross ratio

The net to gross ratio at the planned well site (N/Gvirsomedsvej) 1S €Stimated from the Bgrglum-1, Vedsted-1
and Haldager-1 wells. An evaluation of N/G in the Flyvbjerg-1 well (N/Geiyybjerg-1) i NOt possible due to an
incomplete log suite. To fill in the data gap, N/Griywbjerg-1 IS “bOrrowed” from Bgrglum-1 (N/Gggrgium1) and
weighted one. N/Gggrgium1 IS Weighted double compared to N/Geiyybjerg-1, V/Gvedsted-1 @0 N/Gargager-1-

N/GVirksorrhedsvej = (ZXN/GBﬂrgluml + N/GFvabjerg—l + N/GVedsted—l + ]\']/GHaldager—l)/5
= (2x0.10 + 0.10 + 0.04 + 0.18)/5
= 0.10

Porosity

Porosity at the planned well site (pvirsomnedsvej) 1S €Stimated from the Bgrglum-1, Vedsted-1 and Haldager-1
wells. An evaluation of ¢ in the Flyvbjerg-1 well (@ryvbjerg-1) iS NOt possible due to an incomplete log suite.
To fill in the data gap at Flyvbjerg-1, geiyvbjerg-1 IS “borrowed” from Barglum-1 (pgsrgiums) and weighted one.
Borglum-1 is weighted double compared to geiyvbjerg-1, Pvedsted-1 ANA Prardager-1:

Dvirksomhedsvej = (ZX(PBzrgluml + Qriyvbjerg-1 T Pvedsted-1 T ¢Haldager—1)/5
(2x19% + 19% + 16% + 34%)/5
21%

Estimated gas permeability
Estimated gas permeability at the planned well site (Kvirksomhedsvej, gas) 1S €Stimated from the Bgrglum-1,
Vedsted-1 and Haldager-1 wells. An evaluation of & in the Flyvbjerg-1 well (kgyybjerg-1) IS NOt possible due to
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an incomplete log suite. To fill in the data gap, kriyvbjerg1 IS “borrowed” from Bgrglum-1 (kggrgiuma) and
weighted one. Bgrglum-1 is weighted double compared to kriyvbjerg-1, Kvedsted-1 3N Kpiargager-1:

(2XkBﬂrgluml + kFvabjerg—l + kVedsted—l + kHaIdager—l)/S
(2x160 mD + 160 mD + 65 mD + 1800 mD)/5
469 mD

kVirksorrhedsvej, gas

Estimated reservoir permeability
Estimated reservoir permeability at the planned well site (Avirsomnedsvej, res) IS €Stimated by multiplying & with
an upscaling factor of 1.25 developed by GEUS:

kVirksorrhedsvej,gas X 1.25
469 mD x 1.25

586 mD

kVirksorrhedsvej, res.

Estimated transmissivity
Transmissivity at the planned well site (Zvirsomnedsvej) 1S €Stimated by multiplying Avirsomnedsvej, res. With
NSTVirksorThedsvej:

TVirksorThedsvej = (kVirksomhedsvej,res. X NSTVirksormedsvej,min.) / 1000

(586 mD x 24 m) / 1000
14 Dm

6.2 The Haldager Sand Formation

Seeby-1 is situated on the Skagerrak-Kattegat Platform and is considered irrelevant for assessing the reservoir
parameters of the Haldager Sand Formation at the planned well site and will not be further considered in
relation to this formation.

Formation thickness

Formation thickness at the planned well site (FTvirksomnedsvej) IS difficult to estimate from the seismic line
DNJ-100 as the expected thickness is close to seismic resolution. Thus, FTVirksomnedsvej IS €Stimated from
formation thicknesses of the Bgrglum-1 (FTssrgiuma), Flyvbjerg-1 (FTryvbjerg-1), Vedsted-1 (FT\edsted-1) and
Haldager-1 (FTyaigager-1) WeNIS. FTagrgum1 @nd FTrywbjerg-1 are weighted double compared to FTiegstes-1 and
FThadager-1:

FTVirksorThedsvej = (ZXFTBcargluml + 2XFTFvabjerg-l + FTVedsted—l + FTHaIdager-l)/6
(2x29 m + 2x54 m + 75 m + 155 m)/6
66 m
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Formation interval

Formation depth at the planned well site (FDvyirsomneasvej) 1S €Stimated to be c¢. 1052 m from the seismic line
DNJ-100 (Table 1) and formation thickness (F7virksomedsvej) 1S €Stimated to be 66 m. The formation interval
(Fvirksomhedsvej) then is 1052-1118 m.

Gross sand thickness

Gross sand thickness at the planned well site (GS7Viwsomnedsvej) 1S €Stimated from gross sand thicknesses of the
Borglum-1(GSTsgrgium1), Flyvbjerg-1 (GSTriywbjerg-1), Vedsted-1 (GSTvedstea-1) and Haldager-1 (GSThaigager-1)
wells. GSTasrgium1 and GS Triywbjerg-1 are weighted double compared t0 GSTvegstea-1 aNA GS Tardager-1:

GSTVirksorr‘hedsvej = (ZXGSTBErqum-l + 2X(;STFvabjerg-l + GSTVedsted-l + GSTHaIdager-l)/6
(2x15.6 m + 2x45.8 m + 64.6 m + 126.3 m)/6
52m

Net sand thickness

Net sand thickness at the planned well site (VST \virksomedsvej) 1S €Stimated from the Barglum-1, Vedsted-1 and
Haldager-1 wells. In the Flyvbjerg-1 well an evaluation of net sand thickness (NSTyvbjerg-1) 1S NOt possible
due to an incomplete log suite. To fill in the data gap, NSTryvbjerg-1 1S “bOrrowed” from Bgrglum-1
(NSTggrgum1) and weighted one. Bgrglum-1 is weighted double compared to NSTriyvbjerg-1, VST vedsted-1 and
NSThaager-1:

NSTVirksorrhedsvej = (ZXNSTBﬂrqum-l + NSTFvabjerg-l + NSTVedsted-l + ]\JSTHaIdager-l)/5
(2x13.9 m + 13.9 + 64.0 m + 115.6 m)/5
44 m

Net to gross ratio

The net to gross ratio at the planned well site (N/Gvirsomedsvej) 1S €Stimated from the Bgrglum-1, Vedsted-1
and Haldager-1 wells. In the Flyvbjerg-1 well an evaluation of the net to gross ratio (N/Griyvbjerg-1) IS NOt
possible due to an incomplete log suite. To fill in the data gap, N/Griyvbjerg-1 1S “borrowed” from Barglum-1
(N/Gggrgum1) and weighted one. N/Gggrgiuma 1S Weighted double compared to N/Griyvbjerg-1, NV/Gvedsted-1 and
N/Ghaigager-1:

N/GVirksorrhedsvej = (ZXN/GBﬂrgluml + N/GFvabjerg—l + N/GVedsted—l + ]\']/GHaldager—l)/5
(2x0.48 + 0.48 + 0.85 + 0.75)/5
0.61
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Porosity

Porosity at the planned well site (@virksomedsvej) IS €stimated from the Barglum-1, Vedsted-1 and Haldager-1
wells. An evaluation of the porosity in the Flyvbjerg-1 well (pgyvbjers-1) IS NOt possible due to an incomplete
log suite. To fill in the data gap, griyvbjerg-1 IS “borrowed” from Bgrglum-1 and weighted one. (¢ggrgium1) IS

weighted double compared t0 @riyvbjerg-1, Pvedsted-1 aNA Prardager-1-

Dvirksomhedsvej = (2X¢Bzrglum-l + Qriyvbjerg-1 T Pvedsted-1 T €0Haldager—1)/5
(2x23% + 23% + 29% + 27%)/5
25%

Estimated gas permeability

Estimated gas permeability at the planned well site (kvirksomnedsvej) IS €Stimated from the Barglum-1, Vedsted-1
and Haldager-1 wells. An evaluation of & in the Flyvbjerg-1 well (kriyvbjerg-1) 1S NOt possible due to an
incomplete log suite. To fill in the data gap, kryvbjerg-1 1S “borrowed” from Barglum-1 (kggrgium1) and weighted
one. Barglum-1 is weighted double compared to kgiyybjerg-1, A vedsted-1 AN & aigager-1-

(2XkBarqum-1 + kFvabjerg-l + kVedsted-l + kHaIdager-l)/5
(2x660 mD + 260 mD + 960 mD + 800 mD)/5
748 mD

kVirksorrhedsvej

Estimated reservoir permeability
Estimated reservoir permeability at the planned well site (kvirksomheasvej, res.) IS €Stimated by multiplying £ with
an upscaling factor of 1.25 developed by GEUS:

kVirksonhedsvej,resA = k X 125
748 mD x 1.25
935 mD

Estimated transmissivity
Transmissivity at the planned well site (Zvirsomnedsvej) 1S €Stimated by multiplying Avirsomnedsvej, res. With
NSTVirksorThedsvej:

TVirksorrhedsvej = (kVirksonhedsvej,res. X NSTVirksonhedsvej,min.) / 1000
(935 mD x 44 m) / 1000
41 Dm
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6.3 The Gassum Formation

Several assumptions have been made in order to assess reservoir parameters of the Gassum Formation at the
planned well site. This is due to an incomplete log suite in Flyvbjerg-1, the fact that the Gassum Formation is
only partly penetrated in Barglum-1, the fact that Vedsted-1 and Haldager-1 are far away and the fact that
Haldager-1 does not reach the Gassum Formation. Seaby-1 is situated on the Skagerrak-Kattegat Platform
and is considered irrelevant for assessing reservoir parameters.

Formation thickness
Estimation of formation depth (FDyirsomnedsvej) and thickness (FTvirsomnedsvej) at the planned well site is based
on the seismic line DNJ-100 where the seismic horizons representing near Top Gassum Fm. (FDrop cassum =

1337 m) and near Base Gassum Fm. (FDgase gassum = 1455 m) are identified. F7virsomnedsvej then becomes:

FTVirksorrhedsvej = FDBase Gassum — FDTop Gassum
1455 m - 1337 m

118 m

Alternatively, FT\insomedsvej May be estimated from well data which, however, is limited. The Haldager-1
well does not reach the Gassum Formation, and Barglum-1 does not penetrate the entire Gassum Formation
and thus formation depth for this well (147 m) is a minimum value (see Table 15-Table 18). Flyvbjerg-1, on
the other hand, does penetrate the entire Gassum Formation and estimated from the seismic line DNJ-200 the
Gassum Formation thicknesses of Bgrglum-1 and Flyvbjerg-1 are nearly identical (Figure 3). The formation
thickness of Bgrglum-1 (FTgsrgiums) IS thus assigned the formation thickness of Flyvbjerg-1 (F7ryvbjerg-1, 178

m). FTrywjerg1 1S Weighted double compared to FTggrgium1 aNd FT\egsted-1

FTVirksorrhedsvej = (lXFTBﬂrgluml + 2XFTFvabjerg—1 + FTVedsted—l)/4
(1x178 m + 2x178 m + 194)/4
182 m

The FTVinsomnedsvej Value estimated from the seismic line DNJ-100 (118 m) has been evaluated to be more
correct compared to the weighted well average (182 m). The consideration behind this choice is based on the
formation thickening from the planned well site towards Flyvbjerg-1 (see Figure 3) and is discussed in detail

in Section 4.1.
Formation interval

From the seismic line DNJ-100 the depth to formation top and base at the planned well site is estimated to be
c. 1337 m and c. 1455 m (Table 1). The formation interval (F/virsomnedsvej) then is c. 1337-1455 m.
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Gross sand thickness

The gross sand thickness at the planned well site (GST\virksomedsvej) 1S €Stimated from the Flyvbjerg-1 and
Vedsted-1 wells. The Haldager-1 well does not reach the Gassum Formation, and Bgrglum-1 does not
penetrate the entire Gassum Formation and thus gross sand thickness for this well (GSTgargiums =86 M) is a
minimum value (see Table 15-Table 18). Assuming comparable reservoir characteristics between Bgrglum-
1 and Flyvbjerg-1, GSTesrgums IS assigned the GSTrywbjerg-1 (122 M). GSTrywvjerg1 1S Weighted double
compared to GSTggrgium1 aNd GSTegsted-1-

GSTwel derived = (IXGSTgorgium1 + 2XGS Triywbjerg-1 + GS Tvedsted-1)/4
(1x122 m + 2x122 m + 109 m)/4
119 m

GSTwen derived, NOWeVer, is calculated from the formation thickness based on the weighted well average (182
m) which was discarded. In order to adjust gross sand thickness to the accepted seismics-derived formation
thickness of 118 m the relative difference between the two formation thicknesses (FTseismics / FTwell average)
must be included in the calculation:

GSTVirksorr‘hedsvej = (FTSeismics /FTWeII average) X GSTWeII derived
(118 m/ 182 m) x 119 m
77Tm

Net sand thickness

A well based net sand thickness at the planned well site (NST\visomedsvej) 1S €Stimated by comparing data
from the Bgrglum-1, Flyvbjerg-1 and Vedsted-1 wells. The Haldager-1 well does not reach the Gassum
Formation. Bgrglum-1 does not penetrate the entire Gassum Formation and no estimation of net sand
thickness is possible in Flyvbjerg-1 due to an incomplete log suite. It is, however, assumed that Bgrglum-1
and Flyvbjerg-1 share the same reservoir characteristics and net sand thickness for these wells (NS 7ggrgium1
and NSTriyvbjerg-1) IS estimated from the minimum formation thickness and minimum net sand thickness listed
for Berglum-1 and the formation thickness listed for Flyvbjerg-1 (see Table 15-Table 18). NST for
Barglum-1 and Flyvbjerg-1 is estimated the following way:

NSTBzrglum—l = NSTFvabjerg—l = (FTFvabjerg—l /FTBarqum—l) X NSTBﬂrglum—l
(178 m/ 147 m) x 82 m
9 m

NSTggrgiuma and NSTrypierg-1 are not log-derived values and thus considered to be less certain compared to the
log-derived NST\eqstea-1, DUt @S Vedsted-1 is situated at a greater distance from the planned well site compared

to Bgrglum-1 and Flyvbjerg-1 the importance of the three wells is weighted equal:
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NSTWeII derived = (NSTBmglum-l + NSTFvabjerg—l + ]\]STVedsted—l)/3
= (99 m+99 m + 46 m)/3
= 82m

NSTwen derived, NOWeVer, is calculated from the formation thickness based on the weighted well average (169
m) which was discarded. In order to adjust NSTyy . 4erivea 10 the accepted seismics-derived formation thickness

of 118 m the relative difference between the two formation thicknesses must be included in the calculation:

NSTVirksorrhedsvej = (FTSeismics / FTWeII average) X NSTWeII derived
(118 m/ 182 m) x 82 m
53 m

Net to gross ratio
The net to gross ratio at the planned well site (N/Gvinsomnedsvej) 1S Calculated using the estimated formation
thickness (FTVirsomhedsvej) and net sand thickness (VS Tvinsomnedsvej) at the planned well site:

N/Gvirksonhedsvej = NSTVirksorThedsvej /FTVirksonhedsvej
= 53/118 m
= 0.45

Porosity

Porosity at the planned well site (@virsomnedsvej) 1S €Stimated for the centre of the reservoir (FDcentre Gassum)-

FDcentre gassum 1S Calculated as follows:

FDcentre gassum = FDTop Gassum T (FDBase Gassum — FDTop Gassum)/2
= 1337 + (1455 m - 1337 m)/2
= 1396 m

Pvirksomnedsvej 1S Calculated by using the expression for the regional depth-porosity trend described in Section

5.6.2 and shown in Figure 18. gvinsomedsvej IS Calculated as follows:

-0.0033XFDcentre Gassum + 28.474
-0.0033x1396 + 28.474
24%

Dvirksomhedsvej

Alternatively, gvirksomedsvej Can be calculated from gggrgium1 aNd @veastes-1. AN evaluation of the porosity in the

Flyvbjerg-1 well (priyvvjerg-1) is NOt possible due to an incomplete log suite and a very limited amount of core
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analysis data. It is, however, assumed that Bgrglum-1 and Flyvbjerg-1 share the same reservoir
characteristics, and thus @riyvbjerg-1 IS “borrowed” from Barglum-1. gggrqum: IS Weighted double compared to

Priyvbjerg-1 AN Pyegstea-1 When calculating gvirsomnedsvej:

(2 X Ogrglum1 + OFlyvbjerg-1 + ¢Vedsted-1)/4
(2 x 29% + 29% + 18%)/4
26%

Dvirksomhedsvej

PBorglum1 SEEMS Overestimated and ¢vedsted-1 S€EM UNderestimated which is supported by the regional depth-
porosity trend (Figure 18) where also @szy-1 S€€MS Underestimated.

Estimated gas permeability

Estimated gas permeability at the planned well site (kvisomeasve) 1S bDased on estimated permeabilities from
the Barglum-1 (kgorgium1) and Vedsted-1 wells (kvegstea-1). An evaluation of & in the Flyvbjerg-1 well (keiyvbjerg-
1) Is not possible due to an incomplete log suite and a very limited amount of core analysis data. It is,
however, assumed that Barglum-1 and Flyvbjerg-1 share the same reservoir characteristics and thus &eyybjerg1
is “pborrowed” from Bgrglum-1. kgsqum: is Weighted double compared t0 kriyvbjerg-1 @Nd Avegstea-2 WhHeEN

Ca|CU|atiﬂg ki rksomhedsvej-

(2 X szrqum—l + kFvabjerg—1+ kVedsted—l)M'
(2 x 1200 mD + 1200 mD + 110 mD)/4
928 mD

kVirksonhedsvej

kvirsomnedsvej, NOWeVer, is calculated as a linear average and overestimates the actual permeability due to the
fact that kgsrgium1 and kvegstes-1 are calculated from an expression derived for a regression line describing the
scatter of porosity-permeability data points in a single logarithmic plot. To correct this error kggrgium: and
kvedstea1 MUSt be log;, converted before computing their average value to which the antilogarithm is taken:

Antl|09 ((2 X Ioglo(szrqum-l) + IOglo(kFlyvbjerg-l) + Ioglo(kVedsted-l))/4)
Antilog ((2 x l0g10(1200 mD) + l0g;0(1200 mD) + log;0(110 mD))/4)

660 mD

kVirksorrhedsvej

This kvisomnedsvej 1S Calculated from permeabilities (kggrgium1 and kvesstea-1) Which are based on log-derived
porosities. The log-derived porosities (@ssrgiuma = 29% and gvesstea1 = 18%) were considered uncertain and
discarded together with the derived gyinsomedsvej = 26%. The estimated porosity based on the regional depth-
porosity relation gvinsomedsvej = 24% is considered a more qualified estimate. Thus, a porosity correction must

be app||ed o kVirksonhedsvej:
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(24% | 26%) x 660 mD
609 mD

kVirksonhedsvej

Estimated reservoir permeability
Estimated reservoir permeability at the planned well site (kreservoir) 1S €Stimated by multiplying A virsomnedsvej

with an upscaling factor of 1.25 developed by GEUS. kgeservoir then becomes:

kReservoir = kVirksomhedsvej X 125
609 mD x 1.25

762 mD

Estimated transmissivity
Transmissivity at the planned well site (Zvirsomnedsvej) 1S €Stimated by multiplying Avirsomnedsvej, res. With
NSTVirksorThedsvej:

TVirksorrhedsvej = (kVirksonhedsvej, res. X NSTVirksonhedsvej, min.) / 1000
(762 mD x 53 m) / 1000

40 Dm

6.4 The Skagerrak Formation

The wells in the Fjerritslev Trough either do not reach the Skagerrak Formation (Bgrglum-1, Haldager-1) or
only penetrate the uppermost part of the formation (Flyvbjerg-1, Vedsted-1). The most complete source of
information about the Skagerrak Formation is the Saby-1 well situated on the Skagerrak-Kattegat Platform
(Figure 1), i.e. north of the Fjerritslev Fault in a very different geological setting compared to the Fjerritslev
Trough. From the seismic line DNJ-300 (Figure 4), it is clearly evident that the Skagerrak Formation is
vastly thicker in the Fijerritslev Trough with a depth interval ranging from c¢. 1400 m to more than 3400 m.
The existing seismic data show that the Skagerrak Formation at the eastern part of the Skagerrak-Kattegat
Platform has a generally continuous and constant thickness of more than c. 700 m, but thins towards the
Seeby-1 well (538 m; Figure 5).

In the Seeby-1 well, the upper part of the Skagerrak Formation (1111-1444 m MD) is here regarded as
mainly non-reservoir with low net-to-gross ratio. However, thin intervals with reasonable reservoir quality
potential exist. The lower part of the Skagerrak Formation (1444-1639 m MD) contains fairly large
accumulated thickness of sandstones with geothermal potential, however, as discussed in Section 5.10.3,
core material shows a high degree of heterogeneity over short vertical intervals with very poor sorting,
presence of silt and cementation which reduce the porosity and permeability. In addition, transferring the
prospective lower part of the Skagerrak Formation from the Skagerrak-Kattegat Platform and into the
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Fjerritslev Trough would situate this part of the formation at c. 2700-3500 m depth at the planned well site.
Assumedly, the geothermal potential at this depth would be low.

A more realistic assessment of the geothermal potential of the Skagerrak Formation may be presented by the
Flyvbjerg-1 and Vedsted-1 wells even though they only penetrated the upper 194 m (Flyvbjerg-1) and 36 m
(Vedsted-1) of the formation (see Section 5.10 and Figure 2—Figure 4). Nielsen (2003) identified fluvial
sandstone units in Flyvbjerg-1 and Vedsted-1 based on core description (Vedsted-1) and log motifs
(Flyvbjerg-1 and Vedsted-1). He correlated the sandstone units suggesting fluvial facies to be present in the
area between the two wells which includes the Brgnderslev area. The dynamics of a fluvial deposition
environment often leads to formation of more mature sandstones with good reservoir qualities; this is
supported by core analysis data from Vedsted-1 indicating good reservoir qualities with high porosities (23—
29%) and high gas permeabilities (341-3112 mD) (Olsen & Jgrgensen 2008).

Based on data derived from well logs, core analyses and core inspections of the Seby-1, Flyvbjerg-1 and
Vedsted-1 wells it is assessed that the upper part of the Skagerrak Formation offers the most favourable
conditions with respect to production of geothermal energy at the planned well site. The Saeby-1 well is
situated 30 km away in a very different geological setting and despite offering good reservoir properties in
the lower part of the Skagerrak Formation the depth analogue at the planned well site probably is too deeply
buried to be of geothermal value. The Flyvbjerg-1 and Vedsted-1 wells are situated closer to the planned
well site in a similar geological setting and display sandstone units in the upper part of the Skagerrak
Formation with good reservoir properties. Acknowledging that well log and core data are available only at
the uppermost c. 200 m of the formation (Flyvbjerg-1) these two wells provide the basis for assessing the

reservoir properties in a depth range limited to the upper 200 m of the Skagerrak Formation.

Formation interval

From the seismic line DNJ-100 the depth to formation top (FD-op skagerrak = 1455 m) and base (FDgase skagerrak =
3425 m) at the planned well site is estimated to be c. 1455 m and c. 3425 m (Table 1). The formation
interval (Flviksomedsvej) then is c. 1455-3425 m. As mentioned the lowermost 425 m of the formation is
situated below the geothermal depth window of 800—-3000 m and is discarded.

As mentioned above only the upper 200 m of the formation is evaluated based on data from the Flyvbjerg-1
and Vedsted-1 wells. The considered formation interval thus is a minimum value:

F[Virksonhedsvej = C. 1455—1655 m.

Formation thickness
At the planned well site the formation thickness (F7viksomedsvej) Can be calculated from FDr,p skagerrak @nd

FDBase Skagerrak:
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FTVirksonhedsvej = FDBase Skagerrak — FDTop Skagerrak
3425 m - 1455 m

1970 m

The lowermost 425 m of the formation is situated below the geothermal depth window of 800-3000 m. They
are thus not included in the geothermal relevant formation thickness. The FT\virksomedsvej IS COrrected to:

FT, Virksomhedsvej = 3000 - F. DTop Skagerrak
= 3000 m—1455m
= 1545 m

As mentioned above only the upper 200 m of the formation is evaluated based on data from the Flyvbjerg-1
and Vedsted-1 wells. The considered formation thickness (F7\virksomnedsvej) thus is @ minimum value:

FTVirksorrhedsvej = c. 200 m.

Gross sand thickness
At the planned well site the gross sand thickness (GSTviksomedsvej) Of the upper 200 m of the Skagerrak
Formation is assumed identical to the known minimum gross sand thickness at the Flyvbjerg-1 well

(GSTFvabjerg—l):

GSTVi rksomhedsvej = GSTFvabjerg-l
61 m

Net to gross ratio
The net to gross ratio at the planned well site is assumed identical to the net to gross ratio in the Vedsted-1

Well (N/Gegstea-1) @S NO Net to gross ratio is available from the Flyvbjerg-1 well:

N/Gvi rksomhedsvej = N/GVedsted-l = 042

Net sand thickness
The net sand thickness at the planned well site (NSTVirsomnedsvej) 1S Calculated as the gross sand thickness at
the Flyvbjerg-1 well (GSTriywbjerg-1) Multiplied with the net to gross ratio in the Vedsted-1 well (N/Gvegsteq-1):

NSTVi rksomhedsvej = GSTFvabjerg-l X N/GVedsted-l
61 mx 0.42
26 m
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This is a minimum value as only the upper 200 m of the formation is evaluated; more sandstones of fluvial
origin is expected from GEUS” general geological models to be present also at deeper levels.

Porosity

The porosity at the planned well site (@virksomedsvej) 1S @ssumed identical to porosity in the Vedsted-1 well
(§0Vedsted—1):

Dvirksomhedsvej = (DVedsted-1 = 25%

This porosity value, however, should be adjusted due to the differing burial depth of the Skagerrak
Formation in the Vedsted-1 well and at the planned well site. The vertical midpoint of the penetrated part of
the Skagerrak Formation in Vedsted-1 is 2055 m; at the planned well site it is 1555 m. The porosity increase
can be estimated using the depth-porosity relation presented in Section 5.6.2 and shown in Figure 18:

(~0.0033 x 2055) + 28.474) — (~0.0033 x 1555 + 28.474)
1.7%

Dincrease

Thus the corrected porosity for the planned well site is:

Pvirksomhedsvej = 25% + 1.7% = ~26.7%

Though this relation was developed for the Gassum Formation, is thought to be generally applicable to

sandstone units.

Estimated gas permeability
The estimated gas permeability at the planned well site (kvirsomnedsvej, gas) 1S, @S @ Starting point, assumed
identical to the estimated gas permeability in the Vedsted-1 well (& vedsted-1, gas)-

k Vedsted-1, gas = 300 mD

kVirksonhedsvej, gas

However, the expected higher porosity at the planned well site (26.7%) compared to Vedsted-1 (25%) will

cause a gas permeability increase:

klncrease factor

(0.00002 x 26.7*%%%) / (0.00002 x 25°°**%)
1.3
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The estimated gas permeability at a porosity of 26.7% is calculated as:

kVirksorrhedsvej,gas = 300mDx1.3
390 mD

Estimated reservoir permeability
Reservoir permeability at the planned well site (A virksomnedsvej, res.) 1S €Stimated by multiplying A virksomhedsvej, gas

with an upscaling factor of 1.25 developed by GEUS:

kVirksorrhedsvej, res. = kVirksorrhedsvej, gas x 1.25

390 mD x 1.25
488 mD

Estimated transmissivity
Transmissivity at the planned well site (ZVirksomnedsvej) 1S €Stimated by multiplying Avirsomnedsvej, res. With

NSTVi rksomhedsvej .

TVirksorrhedsvej,min. = (kvirksonhedsvej,res. X NSTVirksonhedsvej,min.) / 1000

(488 mD x 26 m) / 1000
~13 Dm

The transmissivity of c. 13 Dm is only representable for the upper c. 200 m of the Skagerrak Fm. This
interval is assumed to exhibit good reservoir properties.



7 Temperature assessment

Generally, the existing Danish onshore subsurface temperature database is limited and contains values from
wells measured at different depths and at different times, resulting in uncertain geothermal gradients.

Generally, the gradient varies from 28 °C/km to less than 20 °C/km, in the Danish onshore area.

A low geothermal gradient often corresponds to positive structural basement elements, while high values are
found in deep sedimentary basins. Therefore, an elongated zone of minimum gradients is found over the

Ringkabing-Fyn High, while maximum values are found in the North Sea area.

A depth-temperature relation has been developed based on relatively few available temperature
measurements performed on wells in the Northern Jutland are (Poulsen et al. in prep.). The equation
describing this relation (0.027 x depth + 8) has been used for assessing the temperature at the centre of
potential geothermal formations (Table 24). All temperatures are estimated at the formation centre with an

uncertainty of + 10%.

As described in Section 6.4 the evaluation of reservoir properties is performed on the uppermost 200 m of

the Skagerrak Formation at the planned well site.

Table 24: Assessed temperature + 10% of potential geothermal reservoirs.

Formation Formation interval Depth of tempe rature assessment | Temperature
(m MD) (m) (°C)
Frederikshavn 778-989 884 32
Haldager Sand 1052-1118 1085 37
Gassum 1337-1455 1396 46
Skagerrak 1455-1655 1555 50
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8 Conclusions

The objective of this report is to assess the geothermal potential in the Brgnderslev area with focus on one

well site, Virksomhedsvej, selected by Bragnderslev Varme A/S. The assessment of the geothermal potential

is based on the evaluation and interpretation of the available seismic data, well data from the Bgrglum-1,

Flyvbjerg-1, Vedsted-1, Haldager-1 and Saeby-1 wells and core analysis data. The following conclusions can

be made:
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Potential reservoirs. Based on well log interpretation, core analysis data and cuttings descriptions
four formations with geothermal potential have been identified: the Frederikshavn Formation, the
Haldager Sand Formation, the Gassum Formation and the Skagerrak Formation.

Seismic horizons. Seven seismic horizons have been identified in order to assess the presence of
faults and to provide depth maps. The seismic horizons include the near top of the Frederikshavn,
Haldager Sand, Gassum and Skagerrak formations (= near base of the Gassum Formation). It has not
been possible to map single reservoir sections within the Gassum Formation due the relatively low
resolution of the seismic data. The seismic line DNJ-100 passes relatively close to the planned well
site (c. 1.5 km) and provides the basis for depth estimations of potential reservoirs.

Faults. Three major faults or fault zones have been identified. The Bgrglum and Haldager faults are
situated c. 10 km NE and 20 km SW of Brgnderslev town, respectively, and assumable have no
impact on continuity of potential reservoirs. The Brgnderslev Fault is situated c. 3 km SW of
Brgnderslev town and possibly does not influence the reservoir continuity. Minor faults may exist
but remain unidentified due to the poor to moderate quality of the seismic data.

Depth structure maps. New depth structure maps have been prepared based on the new seismic
interpretation. These include the Base Upper Cretaceous (BUC), Mid-Cimmerian Unconformity
(MCU), near Top Gassum Formation and near Top Skagerrak Formation (= near Base Gassum
Formation).

Burial depth. At the planned well site approximate depths to formation tops are estimated from the
seismic line DNJ-100: Frederikshavn Formation: 778 m; Haldager Sand Formation: 1052 m;
Gassum Formation: 1337 m; Skagerrak Formation: 1455 m. C. 5 km to the SW of the planned well
site the burial depth of the Gassum Formation may be in the range of c. 400-700 m corresponding to
a temperature increase in the range of c¢. 11-19 °C.

Net sand thickness. At the planned well site the net sand thickness has been assessed based on well
data from the Bgrglum-1, Flyvbjerg-1, Vedsted-1 and Haldager-1 wells: Frederikshavn Formation:
24 m; Haldager Sand Formation: 44 m; Gassum Formation: 53 m; Skagerrak Formation: 26 m. The
net sand thickness of the Skagerrak Formation is provided for the “known” upper 200 m and
probably is higher as the formation is more than 1.5 km thick.

The regional porosity-pe rmeability trend. Core analysis data in terms of porosity and permeability
from the Sezeby-1 and Vedsted-1 wells seem to follow a high and a low permeability trend which fit
poorly with the regional distribution of Skagerrak Formation data points. The equation of the
regional trend has thus been adjusted to better represent the porosity-permeability relation in the
Brgnderslev area.



8.

10.

11.

Porosity. At the planned well site the porosity for the Frederikshavn, Haldager Sand and Skagerrak
formations are based on log-derived porosities of the Barglum-1, Vedsted-1 and Haldager-1 wells:
Frederikshavn Formation: 21%; Haldager Sand Formation: 25%; Skagerrak Formation: 25%. For the
Gassum Formation the porosity is calculated from a newly developed depth-porosity relationship
including only one average porosity value for each Danish onshore well containing the Gassum
Formation: Gassum Formation: 24%.

Permeability. At the planned well site the permeabilities for the four formations with geothermal
potential are based on the log-derived gas permeability of the Bgrglum-1, Vedsted-1 and Haldager-1
wells multiplied with an upscaling factor: Frederikshavn Formation: 586 mD; Haldager Sand
Formation: 935 mD; Gassum Formation: 762 mD; Skagerrak Formation: 488 mD.

Transmissivity. At the planned well site transmissivities are obtained as a multiple of net sand
thickness and upscaled permeability: Frederikshavn Formation: 14 Dm; Haldager Sand Formation:
41 Dm; Gassum Formation: 40 Dm; Skagerrak Formation: 13 Dm. The transmissivity of the
Skagerrak Formation is provided for the “known” upper 200 m and probably is higher as the
formation is more than 1.5 km thick.

Reservoir temperature. At the planned well site the assessed temperatures for the four formations
with geothermal potential are: Frederikshavn Formation: 32 °C; Haldager Sand Formation: 37 °C;
Gassum Formation: 46 °C; Skagerrak Formation: 50 °C.
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9 A stepwise general procedure for maturation of an area with geo-
thermal potential

The data from the Danish subsurface have shown that large areas are suitable for geothermal exploitation. If

a given area, a geothermal prospect or a local urban area is selected for possible exploitation of the

subsurface geothermal energy, the following elements should be considered stepwise to minimize the

exploration risks that are related to the geological uncertainties regarding the composition and the structures

of the subsurface:
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1)

Preliminary geological model. Establishment of a preliminary geological model based on existing

local data (to the extent they exist) combined with GEUS’s regional geological models.

1a) If non-released seismic data exists in or near the study area, it is recommended that the geothermal

2)

3)

4)

5)

license holder investigate if access to the data can be obtained in order to strengthen the seismic

mapping.

Seismic acquisition. If the preliminary geological model is satisfying and predicts that the
geothermal potential is sufficient for utilization, the next step will be to acquire a sufficient amount
of new seismic data. Based on the integrated dataset comprising the previous and the new data, a
new and updated detailed seismic mapping of the local area shall be carried out in order to
investigate in more detail the reservoir continuity, presence of faults and, if the data resolution
allows it, mapping of possible lateral and vertical variations in lithology. An updated geological
model based on step 1 and 2 is then constructed.

Preliminary reservoir simulation. If the updated geological model based on the previous and new
data set predicts that potential reservoirs exist in the study area, a preliminary flow simulation of
their production properties should be carried out. This will calculate the amount of water that may be

exploited from the assumed reservoir(s).

Well prognosis. If the updated geological model and the reservoir simulation are satisfactory with
respect to the presence of one or more reservoirs with high-quality sandstones and a sufficient
geothermal potential, distance to faults etc., the next step should be to establish a proper drilling
prognosis for a geothermal exploration well including depths, thickness, net-to-gross ratios and

formation geochemistry.

Exploration well. If the exploration well encounters suitable reservoir(s) as prognosed, pumping
tests should be conducted to clarify if enough warm water can be produced from the potential
reservoir sandstones.



6)

7)

8)

Evaluation of exploration well. The encountered stratigraphy should be evaluated with focus
toward the reservoirs, and their quality should be assessed from log-evaluation and interpretation of
test results. The results are compared with the geological model, well prognosis and the reservoir
model; if necessary, the local geological model and the reservoir model is updated and adjusted. On
this basis it is evaluated if the geothermal potential is satisfactory for a continuation of the project
toward a geothermal plant.

Detailed reservoir model. If the project continues, a detailed reservoir model based on all available
and relevant data should be established.

Updating of the regional model. All the new data is integrated and evaluated and GEUS'’s regional

models are adjusted, if needed, in order strengthening future evaluations.
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Figure 1: Map of the greater Brgnderslev area showing seismic data coverage, well locations, licence area
and planned well site. The quality estimation of the seismic lines is based on age; the actual quality of single
lines may deviate. The grey line passing close by the Bgrglum-1 and Flyvbjerg-1 wells represents the
Barglum Fault zone that separates the Fjerritslev Trough to the south from the Skagerrak-Kattegat Platform
to the north.
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Flyvbjerg-

150

1000 —a—

Gassum Fm

Figure 3: Section of the seismic line DNJ-200 with depth measured in Time [msec] showing the subsurface
in the area between the Bgrglum-1 and Flyvbjerg-1 wells. Notice the relative constant thickness of the
Gassum Formation (yellow area) and the expected Skagerrak Formation (pink area). Note also that Bgrglum-
1 well did not reach the base of the Gassum Formation.
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Figure 4: Section of the seismic line DNJ-300 with depth measured in Time [msec] showing the subsurface
in the area northeast of the Flyvbjerg-1 well. Notice the presence of the fault zones (black lines) northeast of
the Flyvbjerg-1 well location and the thinning of the Gassum Formation (yellow area) towards northeast; the
thickness of the Skagerrak Formation on the Skagerrak-Kattegat Platform is expected to be more constant
with a weak thinning towards the northeast (pink area). Notice that the marked Bgrglum Fault closely
northeast of the Flyvbjerg-1 well is a normal fault that later was inverted.
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in the area around the Saby-1 well. Notice the relative constant thickness of the Gassum Formation (yellow
area) and the expected thickness of the Skagerrak Formation (pink area). (BUC: Base Upper Cretaceous;
MCU: Mid Cimmerian Unconformity; TPZ: Top Pre-Zechstein).
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Figure 6: Time-depth relation for the Bgrglum-1 and Haldager-1 wells.

57



RAW LOGS | PERM. |POROSITY|

___GR —16Ft
0 API 250 0.2 20
_____ CALL . ___ _10In _CPOR _
6 inches 16 02 20 0 % 40
Meters  Well Meters Cores
PRS 38In__PERM log_ PHIE o
MR- itrack 02 210000 w10 % 40 .
750 i/. 730
— & 775 Sandstone
760 -
3 |5 4 P -740 I]
7o (R R | § L 750
780 = L ] L 760 ||tSt0ne
T s T e ] fes
=0 HININE 770
o0 R 1Y
810 \I‘Hl\l‘ll 790
o B e b
520 REATT 800
550 DonanaR Potential
c - b -810 ;
e reservoir
840 =
o o L e20 | sand (PRS)
= « ARl
520 = ahlin) L 830
Lcl:_) | | Il l I l |
860 2l
§ { ? -840
870 © 3
_FD <§ -850
880 2 i -860
-% -3 ,;
890 8 E i
900 TE ;27 [ -880
910 1 C] L 800
]| 3
920 E } b 900
930 B L 910
940 -
950 f( »r
960 g 940
970 { L 050
i\i
980 —
E I -960
990 = b 55 []
2
1oo0 2 980
@
1010 e b 990
E 1 =
1020 L. < | s 1000
2 Ey 3 3
1030 o =
_; = o L 1010
=T =
1040 > =
| el > [ -
i L | d 1020
3L BE 2
1050 £ 5 L 1030
2 F | L
1060 % ; | | 000
1070 i =1 | 1050
= e I T
1080 7 I
| -1060 [ | Barglum-1

Figure 7: Petrophysical evaluation of the Frederikshavn and Haldager Sand formations in the Bgrglum-1
well, including a lithological interpretation. The lithology column and the gamma-ray log are shown to the
left. Resistivity logs are shown in the middle. The estimated porosity (PHIE) is highlighted by blue colour
fill, and the permeability estimate (PERM _log) is plotted in red left of the porosity curve. Core porosity data
are shown by red dots Cored intervals are indicated by black bars. Core porosity data are shown by red dots.
For log abbreviations, see Table 4.
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log abbreviations, see Table 4.
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Figure 9: Petrophysical evaluation of the Frederikshavn and Haldager Sand formations in the Flyvbjerg-1
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Figure 10: Petrophysical evaluation of the Gassum and Skagerrak formations in the Flyvbjerg-1 well,
including a lithological interpretation. The lithology column and the gamma-ray log are shown to the left.
Resistivity logs are shown in the middle. No Neutron-log (NPHI) and density-log (RHOB) were recorded,
thus estimation of porosity (PHIE) and permeability (PERM_log) is not possible. Core porosity data are
shown by green dots; core permeability data are shown by black dots. Cored intervals are indicated by black
bars. For log abbreviations, see Table 4.
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Figure 11: Petrophysical evaluation of the Frederikshavn and Haldager Sand formations in the Vedsted-1
well, including a lithological interpretation. The lithology column and the gamma-ray log are shown to the
left. Resistivity logs are shown in the middle. The estimated porosity (PHIE) is highlighted by blue colour
fill, and the permeability estimate (PERM _log) is plotted in red left of the porosity curve. Core porosity data
are shown by red dots; core permeability data are shown by green dots. Cored intervals are indicated by
black bars. Core porosity data are shown by red dots. For log abbreviations, see Table 4.
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Figure 12: Petrophysical evaluation of the Gassum and Skagerrak formations in the Vedsted-1 well,
including a lithological interpretation. The lithology column and the gamma-ray log are shown to the left.
Resistivity logs are shown in the middle. The estimated porosity (PHIE) is highlighted by blue colour fill,
and the permeability estimate (PERM _log) is plotted in red left of the porosity curve. Core porosity data are
shown by red and green dots; core permeability data are shown by green and black dots. For log
abbreviations, see Table 4.
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Figure 13: Petrophysical evaluation of the Frederikshavn and Haldager Sand formations in the Haldager-1
well, including a lithological interpretation. The lithology column and the gamma-ray log are shown to the
left. Resistivity logs are shown in the middle. The estimated porosity (PHIE) is highlighted by blue colour
fill, and the permeability estimate (PERM _log) is plotted in red left of the porosity curve. Core porosity data
are shown by red dots; core permeability data are shown by green dots. Cored intervals are indicated by
black bars. Core porosity data are shown by red dots. For log abbreviations, see Table 4.
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Figure 14: Petrophysical evaluation of the Frederikshavn and Haldager Sand formations in the Seeby-1 well,
including a lithological interpretation. The lithology column (left) is bounded by the gamma-ray (GR) and
sonic (DT) logs. The Neutron-log (NPHI) and the density-log (RHOB) are plotted to the right of the
lithological interpretation. Resistivity logs are shown in the middle. The porosity determination (PHIE) is
highlighted in blue colour fill, and the permeability estimate (PERM_log) is plotted in red left of the porosity
curve. For log abbreviations, see Table 4.
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Figure 15: Petrophysical evaluation of the Gassum and Skagerrak formations in the Seeby-1 well, including
a lithological interpretation. The lithology column (left) is bounded by the gamma-ray (GR) and sonic (DT)
logs. Resistivity logs are shown in the middle. The Neutron-log (NPHI) and the density-log (RHOB) are
plotted to the right of the lithological interpretation. The porosity determination (PHIE) is highlighted in blue
colour fill, and the permeability estimate (PERM_log) is plotted in red left of the porosity curve. Cored
intervals are indicated by black bars. For log abbreviations, see Table 4.

66



Core Permeability Kair, mD

Porosity-Permeability relationship
Gassum, Bunter Sst. and Haldager Sst. Formations

10000 7

1000 -+

o>+ X @

X p Ol X

Legend:

Stenlille (avg. Gassum)
Gassum-1 (Gassum)
Gassum-1 (Bunter)
Vedsted-1 (Haldager)
Vedsted-1 (Gassum)
Borlum-1 (Gassum)
Mors-1 (Bunter)
Tonder-4 (Bunter)
Farsg-1 (avg. Gassum)
Tonder-3 (Bunter)
MAH-2 (Gassum)

| |===Assumed Por-perm Trend

y = 196449x" 3%

A

100 +

10 4

A

0.15

0.20 0.25
Core Porosity (frac)

0.30

0.35

0.40 0.45

Figure 16: Generalised relation between porosity and permeability for sandstones based on conventional
core analysis data from selected Danish onshore wells in the Danish Basin. The underlying database includes
core data from the Bunter Sandstone, Gassum and Haldager Sand formations. Note that the core permeability
data are gas/air permeabilities.

67



Permeability (K-air)(mD)

Figure 17: Porosity-permeability relation for Skagerrak Formation sandstones based on conventional core
analysis data from the Vedsted-1 and Saby-1 wells. Note that Seeby-1 data plot along a high and a low trend
lines. Vedsted-1 data follow a similar distribution; the high permeability trend corresponds well with the
regional trend of the Bunter Sandstone Formation for Danish onshore wells. The core permeability data are
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Gassum Formation
Log-derived average porosity plotted agains depth for all wells
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Figure 18: Depth-porosity relation for the Gassum Formation based on well log data from 35 onshore wells.
Each data point represents the depth to the top of the Gassum Formation plotted against average effective
porosity of net sand for one well. The depth-porosity trend is used to estimate porosity of Gassum Formation
samples at a given depth. Though the relation has been developed for Gassum Formation sandstones it is
assumed to be general and applicable to sandstones of other formations.
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Figure 19: Regional porosity-permeability relation for the Skagerrak Formation based on data from Seaby-1
and Vedsted-1 and the wells Thisted-1, Gassum-1, Mors-1 situated relatively close to the Branderslev area.
The regional relation (black trend line) as well as the Bunter Sandstone Formation trend (green line) fits the

distribution of Skagerrak Formation data points poorly and is replaced by an adjusted relation (blue trend
line).
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Figure 20: Temperature prognosis for the Brenderslev area based on available temperature data from
Northern Jutland. The grey area represents a + 10% uncertainty range. Green dots represent measurements of
higher quality including standard deviation; the black dots represent measurements of lower quality and do

not include standard deviation.
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12 Enclosures

Enclosure 1:
Enclosure 2:
Enclosure 3:
Enclosure 4:
Enclosure 5:
Enclosure 6:
Enclosure 7:
Enclosure 8:

Enclosure 9:
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Base Upper Cretaceous (BCU) depth structure map, contour intervals 200 m.
Mid-Cimmerian Unconformity (MCU) depth structure map, contour intervals 200 m.
Near Top Gassum Formation depth structure map, contour intervals 200 m.

Near Top Skagerrak Formation depth structure map, contour intervals 200 m.
Lithology of formations containing possible reservoirs in the Borglum-1 well.
Lithology of formations containing possible reservoirs in the Flyvbjerg -1 well.
Lithology of formations containing possible reservoirs in the Vedsted-1 well.
Lithology of formations containing possible reservoirs in the Haldager-1 well.

Lithology of formations containing possible reservoirs in the Seby-1 well.
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Enclosure 1: Base Upper Cretaceous (BUC) depth structure map, contour intervals 200 m. Well locations,

planned well site, coast line and positions of seismic lines are included.
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Enclosure 2: Mid-Cimmerian Unconformity (MCU)/Base Middle Jurassic depth structure map, contour
intervals 200 m. Well locations, planned well site, coast line and positions of seismic lines are included.
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Enclosure 3: Near Top Gassum Formation depth structure map, contour intervals 200 m. Well locations,

planned well site, coast line and positions of seismic lines are included.
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Enclosure 4: Depth structure map for near Top Skagerrak Formation corresponding to near Base Gassum

Formation, contour intervals 200 m. Well locations, planned well site, coast line and positions of seismic
lines are included.
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Enclosure 5: Lithology of formations containing possible reservoirs in the Borglum-1 well. Grain size, grain shape, sorting and cementation refer to sand/sandstone

sections. The lithology data is extracted from cuttings and core descriptions in the completion report of the Borglum-1well (DAPCO & DGU 1951).

Age Formation Formation Formation Lithology Res. depth Grain size Grain |Sorting Consolidation /
depth interval thickness interval shape cementation
(m MD) (m) (within formation/unit) (m MD)
Sand 759.0-763.5 | Very fine Calcareous
Sand/sandstone 763.5-769.6 | \ery fine Calcareous
Silty sand 778.8-797.1 | Very fine
Silt and sandstone 797.1-821.4 | Very fine to fine Calcareous
[%2]
3 Silty sand 830.6-838.2 | Fine Partly calcareous
(5]
2 Frederikshavn i i i .
g 755-979 224 Siltstone/Very fine grained 8382-850.4 | Very fine Non-calcareous
S sandstone
Silty sand and clay 880.9-887.0 | Very fine to medium Calcareous
Sand 897.6-905.3 [ Coarse Angular Non-calcareous
Siltstone/Very fine grained 9144-917.4 | Very fine
sandstone
Jurassic | Haldager Sand 1047-1076 29 No significant sand/sandstone - - - - -
observations
Sandstone 1375.6-1397.5 Very fine Non-calcareous
Sandstone and shale 1402.1-1412.7 Very fine Calcareous
Varies betw. very
Sandstone 1420.4-1453.0 fine and very coarse Non-calcareous
Sandstone 1453.0-1462.4 | Medium to coarse Non-calcareous
Triassic Gassum 1371-1518 147 Sandstone 1462.4-1467.6 | Very fine to medium Mainly non-calcareous
Sandstone 1467.6-1479.8 | Fine to medium Mainly non-calcareous
Sandstone 1479.8-1492.9 | Coarse Non-calcareous
Sandstone 1492.9-1499.0 | Very fine to fine Non-calcareous
Sandstone 1501.1-1510 Fine to medium, Slightly calcareous

medium to coarse
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Enclosure 6: Lithology of formations containing possible reservoirs in the Flyvbjerg -1 well. Grain size, grain shape, sorting and cementation refer to
sand/sandstone sections. The lithology data is extracted from cuttings and core descriptions in the completion report of the Flyvbjerg-1 well (DAPCO 1958a).

Age Formation Formation Formation Lithology Res. depth Grain size Grain shape Sorting Consolidation /
depth interval thickness interval cementation
(m MD) (m) (within formation/unit) (m MD)
Loose sand 770-804 Fine to medium, Good
occ. coarse
Sand 804-810 Fine
w
§ Sand with mudstone 810-835 Fine Good
S Frederikshavn 750-921 171 - -
g Sand and mudstone 845-879 Fine to medium,
S occ. coarse
Sandstone and mudstone 879-885 Very fine
Fine to medium,
Sand and mudstone 885-895 0CC. COarse
. Haldager Fine to medium,
Jurassic Sand 990-1044 54 Loose sand 1030-1044 oCC. coarse
Sand and shale 1310-1316 Medium, occ. Good
coarse
Sand with thin interbeds of 1316-1622 Fine to medium, None
shale occ. coarse
Gassum 1308-1504 196 Sand 1342-1347 Medium to coarse
o Sand and shale 1357-1362 Medium to coarse
[72]
§ Sand and shale 1384-1389 Medium to coarse
|_
Sandstone 1412-1417 Medium
Sandstone with shale 1573-1578 Medium
Skagerrak 1504-1698 >194 sandstone 16281643 Ef,ifs"ém oce. Rounded Fairly good
Sandstone and shale 1683-1688 Medium to coarse




Enclosure 7: Lithology of formations containing possible reservoirs in the Vedsted-1 well. Grain size, grain shape, sorting and cementation refer to sand/sandstone

sections. The lithology data is extracted from cuttings and core descriptions in the completion report of the Vedsted-1 well (DAPCO 1958b).

Age Formation Formation Formation Lithology Res. depth Grain size Grain shape Sorting Consolidation /
depth interval thickness interval cementation
(m MD) (m) (within formation/unit) (m MD)
3
S Frederikshavn 841-1076 235 No S|gn|f|%ant sand/sandstone - - - - -
g observations
@)
Q Hald Sandstone 1151-1157 Fine
2 aldager 1149-1224 75
[
g Sand Loose sand 12201207 | Coarseto very Unconsolidated
coarse
Sandstone and shale 1775-1780 Medium to coarse g#gﬁ:;%mar o Clay-cemented
Shale with sandstone 1885-1915 Fine to medium
o Gassum 1749-2037 288 Shale with sandstone 1955-2005 Fine
ks Sandstone, siltstone and shale 2006-2012 Medium, acc.
= coarse
Shale and interbedded 20122035 Fine to medium,
sandstone occ. coarse
Conglomerate, shale and Coarse to granule
Skagerrak 2037-2073 >36 g ’ 2062-2068 (congl.), fine to

sandstone

medium (sst.)
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Enclosure 8: Lithology of formations containing possible reservoirs in the Haldager-1 well. Grain size, grain shape, sorting and cementation refer to
sand/sandstone sections. The lithology data is extracted from cuttings and core descriptions in the completion report of the Haldager-1 well (DAPCO & DGU

1950).
Age Formation Formation Formation Lithology Res. depth Grain size Grain shape Sorting Consolidation /
depth interval thickness interval cementation
(m MD) (m) (within formation/unit) (m MD)
(%2}
3
2 : No significant sand/sandstone _ _ _ _ _
§ Frederikshavn 785-1028 243 observations
o
Sand 1153.7-1159.7 | Fine
Shale and sand 1162.8-1181.1 |Fine to medium
Sandy clay and sand 1188.7-1194.8 | Fine to medium
Sand 1197.9-1204.9 | Coarse
(&)
2 Haldager 1125-1280 155 Sand with some clay 1211.6-1216.2 | Coarse
5 Sand
Sand 1216.2-1222.9 | Coarse
sand with some clay 12299-1237.5 | Medium to
coarse

Sand with some clay

1240.5-1248.2

Fine to medium

Non-calcareous

Sand with some silty clay

1252.7-1257.3




Enclosure 9: Lithology of formations containing possible reservoirs in the Sceby-1 well. Grain size, grain shape, sorting and cementation refer to sand/sandstone
sections. The lithology data is extracted from cuttings and core descriptions in the completion report of the Sceby-1 well (Dansk Olie og Gas Produktion A/S 1985).

Age Formation Formation Formation | Potential reserwir sections Res. depth Grain size Grain shape Sorting Consolidation /
depth interval thickness (within formation/unit) interval cementation
(m MD) (m) (m MD)
§ Medium to Subroundedto | Moderateto
g Frederikshavn 606-711 105 Sand and clay 600-724 coarse and fine subanaular ood
J to medium g g
O
2 Fine to medium,
2 Fadager 801-821 20 sand and clay 84-630  |mediumto | SuPANgUETIo | Moderateto
3 coarse (locally) g
Clay and sand 1020-1090 Fine to coarse ?Skl; a?r? ;&;? Moderate Calcite
Gassum 1077-1111 34 Medium tovery | Rounded to
iu Vv u
Sand and clay 1090-1110 coarse subangular Poor
Medium to . Subangular to
Clay and sand 1110-1198 coarse and fine subrounded Moderate
to medium
Fine to medium,
2 Sand/sandstone and limestone 1198-1236 medium to Subangular I\/(I)cc))(:erate o Calcite
3 coarse P
= . . . Subangularto | Moderate to .
Sand/sandstone and limestone 1236-1344 Fine to medium Calcite
Skagerrak 1111-1649 538 subrounded good
Medium to Subangular to Moderate to . .
Sand/sandstone 1344-1472 coarse subrounded good Calcite and silica
Medium to Subangular to Moderate to . -
Sand 1472-1607 coarse subrounded good Calcite and silica
Medium to very
Sandstone and siltstone 1607-1647 coarse, Subangular to Poor

conglomeratic

well rounded

81




	Dansk resumé
	1.1 Datagrundlag
	1.2 Geologi
	1.3 kontinuiteten af mulige reservoirer
	1.4 Dybden til mulige reservoirer
	1.5 Reservoirkvalitet
	1.6 Konklusion

	2 Introduction
	3 Geological background
	4 The lateral continuity of the potential reservoirs in the Northern Jutland area
	4.1 Seismic interpretation and mapping (TWT maps)
	4.2 Identification of faults
	4.3 Depth to and thickness of potential reservoirs at the planned well site

	5 Assessment of the reservoir quality in the Brønderslev area
	5.1 Reservoir quality controlling parameters 
	5.2 Database, log quality and petrophysical evaluation
	5.3 Interpretation of lithology
	5.4 Distinguishing between sand/sandstones and silt/siltstones in well logs
	5.5 Evaluation of shale volume and porosity 
	5.6 Evaluation of permeability
	5.6.1 The regional porosity-permeability relation
	5.6.2 The depth-porosity relationship
	5.6.3 Upscaling

	5.7 Petrophysical evaluation of the Frederikshavn Formation
	5.8 Petrophysical evaluation of the Haldager Sand Formation
	5.9 Petrophysical evaluation of the Gassum Formation
	5.9.1 The Børglum-1 well
	5.9.2 The Flyvbjerg-1 well
	5.9.3 The Vedsted-1 well
	5.9.4 The Sæby-1 well
	5.9.5 Combining well information

	5.10 Petrophysical evaluation of the Skagerrak Formation
	5.10.1 The Flyvbjerg-1 well
	5.10.2 The Vedsted-1 well
	5.10.3 The Sæby-1 well


	6 Assessed reservoir parameters for the planned well site
	6.1 The Frederikshavn Formation
	6.2 The Haldager Sand Formation
	6.3 The Gassum Formation
	6.4 The Skagerrak Formation

	7 Temperature assessment
	8 Conclusions
	9 A stepwise general procedure for maturation of an area with geo-thermal potential
	10 References
	11  Figures
	12  Enclosures
	Tom side



