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Data SO u rce E.ON Energy Research Center

Use of available data:

Borehole data and core samples from the archives of industry and the
state geological surveys,

in particular from exploration
wells for:

® hydrocarbons

m lignite

® hard coal

m general research boreholes

Core archive of the State Geological Survey of
NRW near Krefeld.

L RWTHA\CHEN
 GEOPHYSICA UNIVERSITY

Beratungsgesellschaf



Data source

E.ON Energy Research Center

laboratory studies on

@—=correlation=—yp Analysis of
core samples borehole data
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Example of scanning measurement of thermal Example borehole data
conductivity A and sonic velocity v,

(interbedded dolomite - anhydrite).

+ direct measurements

+ spatial coverage of geologic units
- selective, not representative

+ complete vertical profiles
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]
Data base: general approaCh E.ON Energy Research Center
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1. Correlate rock components and their specific log responses (provided)
2. Calculate volume fractions of rock components from borehole logs
3. Calculate bulk thermal conductivity from appropriate mixing laws

L RWTHA\CHEN
 GEOPHYSICA UNIVERSITY

Beratungs;



D ata b a S e E.ON Energy Research Center

Statistical parameters of representative rock types and geologic units
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1.1 Limestone Dolomite  Sandstone
AgWm™ K)
Example : Histogram of water saturated Example : Box-Whisker-diagrams of porosity
thermal conductivity A, of a geologic unit of main rock types in South-Western Germany
(Upper Devonian Limestone in the Lower (Molasse Basin). *: mean; _: median; box: 25
Rhine Basin) and 75 percentile; |----- |- min-max range.
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Core Scanning (thermal ConductiVity) E.ON Energy Research Center

Optical scanning:
range: 0.2 W m' K1-25W m K-
accuracy: £ 3 %

up to 60 samples per hour



Data base: thermal ConductiVity Scanning E.ON Energy Research Center

® Thermal conductivity scanner (TCS)

- sensor hot» - sensor cold

Sensors with heat source

>

Sample with paint and markings |

3 { )
s - RlA

-

Measuring arrangement on TCS: Finished core sample with two scan lines
standard — sample — standard of comparison - standard
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Conventional input data

E.ON Energy Research Center

Wide range of tabulated data values: L Example:
large uncertainty for predicted sand p——8——i sandstone
i . 153 : : :
energy production clay} et
; P 2.47
. . @ne- p———0=
Conservative estimates of rock e
properties: deeper boreholes than sittstone —
i 2.46
necessary claystone} ——
207"
. . . shalef *—
= Cost reduction possible if rock 220
properties were known more imestoner D
. P : : 3.62
accurately and with specified dolomite| ———————1
precision : Cerm:ak&Rifbach(igaz)

o 1 2 3 4 5 6 7 8
A (W (mK)")

Range of thermal conductivity (min-max) for
various rock types (Cermak & Rybach, 1982).
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Data base: thermal conductivity of sandstones

® Link to mineralogical composition:
A, controlled by

= mean bulk rock composition (right),
in particular by quartz content

water-filled porosity

E.ON Energy Research Center

m quartz

@ clay minerals (total)

O calcite

B dolomite

O feldspar (total)

O muskovite

@ others
O porosity
I [ [ I [
Cermak & Rybach (1982) | [
Bunter sandstone, Lower Triassic N=10
Stuben sandstone, Upper Triassic N=5 I
Schilf sandstone, Upper Triassic | N=é N=2 | I
Gault sandstone, Lower Cretaceous N=12 N=7
Middle and Upper Devonian sandstone N=11 I [ | il
Upper Carboniferous N=27
|
0 1 2 3 4 6 7 0% 25% 50% 75% 100%
A (WmT KT
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Data base: thermal conductivity of sandstones
m Saturated thermal conductivity vs.
1-
quartz content (left) N | R IN( A0 e
® Dry thermal conductivity vs. porosity
(rlght) - }\’Asaad ((I)) = )\‘(1111;?13( ) }\’fj)ir
Ta sha ' ' ° |
| & e N
8 A conglomerate ®
WV carbonate A.
T |7 ¢ | ¢
£ 45} o © 8 E
z ° ¢ ° o® 2
(é” 4 A 4 <n %& (3
41"

35 o 'V 1.

25 - y '
0 20 40 60 80 100

quartz content (%)
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Data base: variation of thermal conductivity e
With preSSU re and temperatu re E.ON Energy Research Center

m ) as a function of burial depth (pressure and temperature)

6,00 .\ —%—B-14-03 - Sand 1,10 —%— B-14-03 - Sand

—0—B-14-07- Sand —o— B-14-07 - Sand

<\ —o—B-05-02 - Sand
0,90
NS
0,80 \

5,50

—s¢—B-04-03 - Sand
5,00

—=— B-04-04 - Sand
—o—B-17-10 - Sand
—=—B-17-12 - Sand
—-=—B-17-16 - Sand
—e—B-17-18 - Sand
—+—B-18-01 - Sand
—— B-10-06 - Sand
—+— B-13-04 - Sand
—=— B-13-08 - Sand
—=—B-13-10 - Sand
—A— B-13-11 - Sand
—o—B-13-13 - Sand
—o—B-13-18 - Sand
—e—B-13-25 - Sand
?‘i& —— B-06-05 - Sand
—a— B-06-30 - Sand
—o—B-07-16 - Sand
—=—B-08-03 - Sand
—— B-08-07 - Sand

|
|
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4,50

4,00 %
3,50 i 3

3,00

—
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J
%
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P id

I wm™K")
{
I normalized

NN

2,50 — = - 0,60 3

T

% ~—*—B-13-25-Sand \

2,00 —%—B-06-05- Sand \-\
6-30 - Sand
- Sand

0,50

/

1,50

1’00 B-08-07- Sand 0'40 A
30 55 80 105 130 155 180 200 Temp. (°C) 30 55 80 105 130 155 180 200 Temp. (°C)
0.1 25 50 75 100 125 150 170 Confin. 0.1 25 50 75 100 125 150 170 Confin.
press. (MPa) press. (MPa)

Variation of sandstone thermal conductivity with p and T (left)
and normalized to ambient p-T conditions (right)
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Data base: SpeCifiC heat CapaCity teSting E.ON Energy Research Center

B Device: differential heat
flow calorimeter

1050 { | —Mo7-1
1000 4 | —Mo7-2

950 A — quartz glass
900 A — KS07

® Example of
cp-measurements

c, (J kg KT
(0]
3

Co(T) = Ag + ApeT + AprT? + AgeT + AT

0 20 40 60 80 100 120 140 160
T(°C)
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Data base: specific heat capacity

B specific heat
capacity of main
rock types

B volumetric heat
capacity of main
rock types
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Cp U kg KT)

Cp. pm(MJ KT M-3)
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E.ON Energy Research Center

N (shale) = 16
N (sandstone) = 35
N (carbonate) = 9
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Data base: specific heat capacity
heat capacity vs. quartz content +siderite
840 I @shale
+dolomite 830 (to o \ I @ sandstone
o
820 ~—— ) ! O carbonate
@ | BEconglomerate (rich in phyllite)
—~ 800 SN 0 E conglomerate (rich in quartz)
¢ Ty ©
< 790 8
(@)) o )
= ~
= 780 . ~
s L 1o}
S 770 - o I‘\ o
® g ~
760 o ° 3 ®
o >
750 ‘.—‘F
740 y=-0,682x + 813221 @
R*=0,706
730 | |
0 20 40 60 80 100
quartz content (%)
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B=—
Case StUdy On tertiary and paIeOZOiC rOCkS E.ON Energy Research Center

PPPPPPP
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® Measurements on core samples: ® Log Analysis:

= Thermal Conductivity = Formation Evaluation
= Specific Heat Capacity = Lithology, Clay Volume
= P-Wave Velocity = Porosity
= Bulk and Matrix Density = Core-Log Integration
= Gamma Density = Thermal Conductivity Profiles
= Porosity by different methods B Measurements on core samples
= NMR for Porosity/Permeability = Spectral Gamma (K, Th, U)
® By third party: m By third party (Prof. Popov, Moscow)
= He-Permeability = P-T dependend thermal conductivity
= XRF and XRD and diffusivity

= Mercury Injection
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Study area and boreholes

NN

Exploration and research wells:

E.ON Energy Research Center

ik/\( B-13
B-14
85-15 W
B-12 B-16 = A
@ = ® ;7 B-13®®B-17
B-27 ~
Essen Dortmund
A ®
(]
Duisburg
B.-11
@)
B-10
B07  gos ®
B-06
@
B-09 Diisseldorf
B-24 i ——
A B-03
@,B23 Y
B-22 54 KéIn
A
B-01 A @s-05 N
@ @go2 @Bo4 520
2
Aachen o, —~
B-26 Bonn \~
2 “B25 gy
© Kernproben A
4 Archivlogs
S0 25 50
A RWE-Logs A 3 km
Pl

Tertiary sediments and paleozoic basement
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Th e rm aI CO n d u CtiVity O n Cotti n g S E.ON Energy Research Center

m Thermal conductivity on cuttings: TK04 half-space line source
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Laboratory measurements £ON Energy ResearchCener

®m Thermal conductivity measured on
50 cutting samples N — . : i - [
saturated rock-water mixture S e
= result: rock matrix conductivity from ‘ : | : ‘ —
appropriate mixing law: 62 { i -t
N S : ' : [
(a) 7\‘nlax 1 =}\'H - E] nl}\.l ) 1531 ] ' . [ ! ' i ' i ‘ | ]

1= 2 4 6 8 10 12

-1
b) A=A =k, = § ni . ]
min ~ har L i;}\'i ’ 4 H

©) M

}\.+)\. J A 2 P s s o "2

600-]
300
S | |
(e)/ Zn )\. o 2 P s s o 2
Measurement Number

mean — 2

(d) Ahgeo ™ l_l A

No. of Solutions

N 3n.
(f) TCrean : 1,118 Wm™'K"! Std. Deviation : 0,007 W m™'K""
N et 1212}\-"7\‘ TCrin : 1,110 Wm-K"! Std. Eor 0,003 Wm'K""
TCrax : 1,126 Wm K" Variation 1+0,7%
)\‘ o }\U }\‘L . Number of Measurements : 13
(g) HS j HS + HS |? Measurement Date : 21.02.2008
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Lower Rhine Embayment (Tertiary) E.ON Energy Research Center

m /40 m borehole penetrating the complete sequence of unconsolidated
tertiary sediments

B Samples: Sands snd clays

SwW Rur-Scholle Erft-Scholle Kolner Scholle NE

Vortertidrer Oligozén u. Braunkohle der Pliozan Pleistozan
Untergund Miozén Hauptflézgruppe

L RWTHACOEl
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|
Petrophysics - Tertiary sediments
N Mittel- Stabw.  Min. 25%- Median 75%-  Max.
wert Quart. Quart.
Ton 72188 033 128 164 181 206 296
Schluff 15 225 020 18 219 224 241 26l
3
w jK'l) Sand Gesamt: 123 276 033 182 253 286 299 350
m
<245m: 27 239 024 182 230 236 252 282
>245m: 96 286 027 207 280 290 302 350
Braunkohle 3 070 0.05 0.66 0.75
Ton RWTH: 25 2668 122 2360 2642 2655 2682 3092
RWE:28 2613 61 2420 2590 2620 2640 2750
S Gesamt: 53 2639 98 2360 2610 2640 2663 3092
tatistical moments
, : 2 2547 52 7 275
Listed in tables and o Schluff 19 2666 49 47 264 680 269 9
. 3
histrograms (kem®)  To/Schiute 72 2646 88 2360 2620 2645 2682 3002
For the main rock types Sand 139 2640 29 2368 2634 2645 2650 2694
Braunkohle 4 1428 16 1412 1451
*0 I
ol |% s Ton 49 0337 0054 0219 0300 0330 0378 0430
ol n Schluff 19 0331 0048 0270 0300 0316 0353 0430
b ®  TowSchluff 68 0335 0052 0219 0300 0322 0372 0430
iy | ) sand RWTH: 117 0409 0,027 0285 0393 0412 0425 0467
of ik RWE: 19 0361 0049 0250 0340 0360 0395 0430
133N FEREEE Gesamt: 136 0403 0,035 0250 0390 0406 0425 0467
0
10 14 18 22 26 30 34 Braunkohle wb.
he WmTTKTY



Core-Log Integration
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E.ON Energy Research Center

m Correlation of Gamma Ray, thermal conductivity

and quartz content.

0—'50. -10. 30. 70. 110. 150.
GR
HU 123 : : : : N O Quarz
HU 238 i | | | | m ! B Tonminerale
HU 585 | | | | | 1 » 2 |OFeldspat
- [ [ [ [ <= |mSiderit
HU 682 : : ; ; ) OAndere
HU 49 | | \
HU 59 | |
HU 170 | 5|
=
HU 303 -~
i b &
HU 384 | %
HU 460 5
HU 520
HU 704 J l
} i t T
0% 20% 40% 60% 80% 100%
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Logs - Tertiary

m Result of log interpretation

Porosity from density log
Saturation from resistivity logs

Lithology from GR

Effective thermal conductivity
from geometric average:
Ageo(9) = A~ AL,

Matrix values from laboratory
testing
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Correlation
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B-22
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E.ON Energy Research Center
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Result: Statistic moments for thermal properties of a litho-
stratigraphic unit and information on verticalen and lateral
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Drilling Locations, Paleozoic rocks £ON Energy ResearchCentr

W B-13

N
o B-14
85-15 W
B-1

2 B-16 = A
@ 7 @ ;7 B-13®®B-17
B-27 ~
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B-07 B-08 ®
B-0s @ ® °
@ 509 Diisseldorf
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A B-03
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4 Archivlogs
S0 25 50
A RWE-Logs A 3 km
el

Exploration wells: Tertiary sediments and paleozoic basement rocks
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Exa m p | eS fro m RWT H - 1 E.ON Energy Research Center

... a 2.5 km deep well in the front of the Aachen overthrust

.. . Paleozoic abrasion surface of
b Westfalium :
)(- the eastern Brabant Massiv
and the Aachen Region

o'’4  sousArgenteau

Bless et.al [ 1976 =" Ribbert | 1992
0 3
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ROCk Sa m p I eS fro m RWT H - 1 E.ON Energy Research Center

Lithologisches Schichtprofil der Bohrung >RWTH-1<

1000m

2 marrecse

) Reastiecns

Stratigrafische Einstufung | Stand 10/2005
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E.ON Energy Research Center

Thermal conductivity — density
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Variation of thermal conductivity with depth

E.ON

Energy Research Center

4500

4000 |

3500 |

3000 |

Unter-

2500 |

2000 |

1500 |

1000

500 |

e

Fig. 2: Cuttings measurements of matrix density and thermal
conductivity compared to the borehole zonation (after logging
data) and the standard stratigraphic profile known from the
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Variation of pysical properties with depth

E.ON Energy Research Center

Pechnig and Trautwein-Bruns, 2007

4500 |
Binnenwerke (mit 34 Flézen)
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4000
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Fig. 1: Log responses compared to the standard stratigraphic \
profile known from the Eifel mountains (after Knapp 1980) .\
The cheiloceras limestone is drilled in the RWTH1 borehole \

and serves as main stratigraphic marker (blue line). \
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E.ON Energy Research Center

Rock Matrix Properties
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Resistivity deep (ohm m)

v, and resistivity trends are controlled
by rock composition

entire rock column is massive

rock porosity is low

K (%)

= Strong scatter of thorium and
potassium in shales and siltstone

= Calculation of shale volume
separatly for each zone
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Calculated thermal conductivity
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DB : SuperC (1) DEPTH (200.M - 2550.M) 06.09.2009 16:05
® Thermal Conductivity from [ S B I e o Y
shale and matrix values. ' B I =
" of shale volume calculated "
separately for each zone ===
Ll 500
1 i
® Due to rock composition ;2>
(carbonaceous, siliciclastic) ==
matrix values for thermal = o
conductivity differ from zone —
to zone. 1 3
3
§ 1500
—=
=
_<}=
=
— 2500
_GEOPHYSICA _

Beratungsgesellschaft mbH



Borehole Locations, Paleozoic rocks N Enerey Research Conter
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Exploration wells: Tertiary sediments and paleozoic basement rocks
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Rock Samples - Stratigraphy
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231 samples from 18 wells, covering different stratigraphic units of

Devonian and Carboniferous age
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SHALE SANDSTONE
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Upper Carbonifereous (sampling supported by NRW Geological Survey, Krefeld)
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Thermal ConductiVity VS_ porOSity E.ON Energy Research Center
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i m— Ao Slltstone (A, = 3.4 W m'K")
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eH- |
Cross-plot of thermal conductivity (dry samples) and rock porosity shows
large scatter, in particular for the paleozoic sandstones
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Thermal conductivity vs. porosity
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® Relationship depends strongly on rock matrix conductivity (numbers)
sandstones with similar rock matrix are well described by the geometric law.
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Thermal conductivity vs. rock type o e e o
and mineral content
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Th e rm al CO n d U CtIVIty VS . rOCk type E.ON Energy Research Center
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Figure 5: Mineralogical composition of four samples from borehole
B-09 (Frasnian shale with varying lime and silt content).
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Figure 6: Comparison between calculated and measured

thermal conductivity of nine water saturated samples from
borehole B-09.

Koch et al. 2009
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Logs of Upper Carbonifereous Strata

E.ON Energy Research Center
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Coal Bed Responses
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E.ON Energy Research Center

Typical log responses of
coal beds (black)
interlayered with
sandstones (yellow),
siltstones (greyish) and
claystones (brown).

RWTH 41



Log AnaIySiS - LithOIOgy E.ON Energy Research Center
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Core and Log Data

E.ON Energy Research Center
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Comparison of core and
log bulk density and core

and log v, velocity.
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Porosity Log
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Porosity from
density log

Matrix Density
Sandstone:

2700 kg/m®
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Thermal conductivity profiles
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A\, Sandstone

4.86 W/(m K)

A, Shale

2.4 W/(m K)

A, Coal

0.7 W/(m K)
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Poro - perm relationships
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Thank you for your attention!
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Thermal conductivity -
dependenceonpand T

E.ON Energy Research Center

6,00

5,50

—*—ann03 - Sandstone
——0O——ann07 - Sandstone
—<o——for_02 - Sandstone
—»—mer_03 - Sandstone
—=——mer_04 - Sandstone
—<o—pell0 - Sandstone
—8—npell2 - Sandstone
—=——pell6 - Sandstone

5,00

4,50
4,00 -

3,50

I wm' K"

3,00 -

2,50

il Mf%ﬁ% A b

2,00

1,50

1,00
2

®—pell8 - Sandstone
—&®—san_01-Sandstone
—4A——sbt_06 - Sandstone
—+—spe_04 - Sandstone
—8—spe_08 -Sandstone
—=——spe_10 - Sandstone
—A&—spe_11- Sandstone
—&8——spe_13 - Sandstone
—0O——spe_18 - Sandstone
—®—spe_25-Sandstone
——swm05 - Sandstone
—#&—swm30 - Sandstone
—%——viel6 - Sandstone
wil_03 - Sandstone
—&A— wil_07 - Sandstone
—f—1an02 - Claystone
—8—an07 - Claystone
—#&—1an08 - Claystone
—*——sbt_03 - Claystone
—>—hun03 - Carbonates
—&—kin03 - Carbonates
—<—mos_15 - Carbonates
—8— mos_22 - Carbonates
—#&—spe_23-Carbonates
—&—swm_32 - Carbonates
—08—swm_37 - Carbonates
—-DO—swm_39 - Carbonates
—8—vel01- Carbonates
—*—vel05 - Carbonates
—=—vie29 - Carbonates
vie_03 - Conglomerate
vie_22 - Conglomerate

A

200 Temperature (°C)

0.1

170 Confining

Pressure (MPa)

_ GEOPHYSICA

Beratungsgesellschaft mbH




