Monitoring CO, in the reservoir

- demonstrated by the case study of the Ketzin pilot site -

Cornelia Schmidt-Hattenberger & Ketzin group

GFZ German Research Centre for Geosciences, Potsdam (Germany)
Section 6.3 Geological Storage
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Location of the Ketzin Test Site

« ~ 25 km west of Berlin,
in the North East German
: Basin
MG ﬁsmckholm Finland * In 1960s storage for
W R LIS natural gas imported from
{}Tallmn W Siberia;
'Estoma &% B -Natural gas was stored in
B sandstones at shallow
depth (250 - 400 m)
Facility closed in 2004
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Pilot site
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Geology and reservoir properties determine
the monitoring layout

T

reservoir:
saline aquifer
fluviatile sandstones
Upper Triassic
caprock { ¢ {1 | = Stuttgart Formation
mudstone of 7Y porosity ~ 26%
Jf”" permeability ~ 100 mD

reservoir
sandstone (variable)

cap rock:

mudstones
Norden et al., N b The] SN Upper Trlass!c Weser
(2010) Formation

porosity ~ 8 %
permeability ~ uD
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Multi-disciplinary monitoring concept

Surface
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permanent:
temperature (DTS)
pressure

passive seismic
geoelectric
(cross-hole)

well inspection/
deep fluid sampling
active seismic

(2D, 3D, VSP, MSP)
geoelectric
(surface-downhole)
surface (soil flux)

 This comprehensive concept combines permanent and periodical

surveillance techniques on various temporal and spatial scales.
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Monitoring the full life-cycle of the reservoir

Pre-injection

06/2008 -
07/2008

03/2009

Injection

06/2011

06/2012

09/2013

Seismic Geoelectrics Logging
3D 2D-MSP/ || X-hole X-hole Surface- Neutron- Project
Start of €O, VSP downhole Sonic, Gamma 04/2004
/ injection 2D Res, etc.
) .  —
€O, arrival 0.7 kt = 0.6 kt 0.6 kt O8N
at Ktzi200 07/08 07/08 07/08
1.8kt | Permanent 45 kt Surface-
| co,arrival 08/08 | array (TNO) 11/08 | surface 03/2010
at Ktzi202
22kt 21kt 18 kt 13.5kt 13.7 kt
22 kt 7kt
09/09 09/03  06/09 22kt 04/09 04/09 1
10/09 MSP / 10/09 / 06/09
- 32 kt
t >
45 kt Reservoir = 03/10
Drillin o1 A sadjacent ¢ sk ROk [
“] fP30% . formations = 03/11 03/11 il S PILOTSTANDORT KETZIN
° vsp 53kt 03/11
10/11
Drilling of | — O 60 kt S
1 «tzi203 61 kt N 03/12 04/12 10/11
09/12 Reservoir+ =
overburden % -g O 1 16{;1 itz
verburden
formations S E rburde /
N End of CO, 12/2013
injection e
(67.3kt) 09/15 Reservoir+ Reservoir Reservoir Reservoir+
i overburden  +near +adjacent near wellbore -
formations wellbore  formations S PILOTSTANDORT KETZIN

Post-injection

Entire complex

« complemented by continuous surface gas monitoring since 01/2005, in-well P-T
monitoring and above-zone monitoring (pressure, fluid sampling; since 2011)

« 4 years of post-injection monitoring
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Ketzin injection history overview

e Start of injection: June 30, 2008
e End of injection: August 29, 2013

e CO, sources and quality:
— Food-grade CO, > 99.9%

— May to June, 2011: 1,515 t CO, from Schwarze
Pumpe oxyfuel pilot plant (Vattenfall), > 99.7%

— March to June, 2013: 3,000 t CO, injected during
"cold injection" experiment

— July to August, 2013: 650 t CO,-N, (95:5) co-
injection experiment

—

By

e Total mass injected: 67 kt CO,
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Fiber-optic pressure/temperature sensing

Distributed Temperature Sensing
(Raman effect)

* . . 0 *

& Technical installation of Pulsed laser signal —i} ——

5 - . . . ay elg

° fiber optic monitoring i1 (distributed

-'l . -

s at injection string of Brillouin 1} pAmusicsenang

y . e . (distributed temperature i\
.. Ktzi201 (injection well) and strain sensing) Raman

\ (distributed

temperature sensing)

Anti-Stokes process Stokes process
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Wavelength

WFD Downhole 4
fiber optic cable: TR Fiber Bragg Grating
(Strain sensing)
2 single-mode |
fibers for . ,: Prgssu re-Temperature Sggﬁggm | lTiéa?smmed
bottorn hole MW ) point-gauge @ 549,08 -548,41 m \ Strain
pressure / N depth (end of injection tubing), S—-
temperature : carried by mandrel
j i Input spectrum Reflected spectrum Transmitted spectrum
1 multimode “ . Two Fiber-Bragg grating sensors: g : o |
fiber for one for pressure measurement and J \ } ] J L
DTS logs one as temperature reference - s s e
=
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Operational monitoring -
pressure/temperature/ CO, mass flow

72.000 90
68.000 | Pressure limit, measured at 550 m = 83 bar total mass: 67 kt CO, | .,
64.000 4 (equates to 85 bar formation pressure) 1 g6
60.000 1842
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* smooth injection process, maximum pressure increase ~16 bar
* no safety issues, downhole pressure « formation pressure (p-limit)
« continuous p-decline after stop of injection (towards long-term stability)
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DTS monitoring @ Ktzi 200, 201, 202

Temperature [°C]
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§, \ — 25°C (step 2)
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F; 8 300 baseline in-well
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01.01.2009 01.01.2010 01.01.2011 01.01.2012
Date
Long-term monitoring of the injection history Process monitoring (cold injection)
Henninges (2012) Mdéller et al. (2014)
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In-situ gas monitoring for CO, detection

G| [ ovadrupole mass Gas membrane sensor (GMS)
aquisition | <, Ho. CH,, N, 0,
Ar, CO,, Kr)

pressurized

gas - f| . e— Argon
sampling

Argon with &
l - N
control unit

formation gas

—[fiuid level | ——

formation
gas

formation
gas

phase separating
membrane
pressure & temperature
sensor

Patent No. US 7523680 B2
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First CO, injection (24t" June, 2008)

Conceptual model for processes occurring in the injection well Ktzi201:

CO, Injection

first N, pocket

second N, pocket

—CO,— N: e CH

]

Zimmer et al. (2011)

fom ation water

KClI slug

- GMS registered changes during the storage process to detect the arrival of CO,

at the observation wells.
- Displacement of formation water and residual gas by the injected CO, has been
observed, bioactivity in the filter screen was seen.

GFZ

Helmholtz Centre
PoTspaA M

CAGS CCS School, 29 June - 1 July, 2017 é Tig*;gg,tg:m




Arrival of Krypton (Tracer) and CO,

OW 1(Ktzi200) OW 2(Ktzi202)
a.u a.u
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(Zimmer et al., 2011)
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Tracer tests with SF, and

indicate CO,

f_rom Schwarze Pumpe pilot plant

16 —
) 3l Ktzi 202
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detection of pre-SFg; and pre-Kr in Ktzi 200
~ 18.05.2011

CO, injected at
Ktzi 201

CO, at Ktzi 200

~ schwarzePumpe = Linde

Linde

detection of post-SFg in Ktzi 200

19.07.2011

Linde
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Geophysical methods with different
spatial resolution are applied

Active seismic methods

surface-surface:
3-D (grid), 2-D star (red lines)

surface-downhole:
vertical seismic profiling VSP
moving source profiling MSP

cross-hole (white circle)

Y %\%&*

\'\\u.L 4
o ooo

e |
o G I 8w  Passive seismic methods
v =0 .
A ‘ -\-T,est Site ¥ o

R Geoelectric methods

surface-downhole (yellow dots)
cross-hole (white circle)
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4D seismic surveys at Ketzin

5

3D Baseline 2005

1st Repeat 2009 L
(~22 kilotons) I

5820

2nd Repeat 2012
(~61 kilotons)

3rd Repeat 2015
(~67 kilotons)

Parameter Value
5818 Receiver line spacing/number 96 m/5
Receiver station spacing/channels 24 m/48
Source line spacing/number 48 m/12
Source point spacing 24 mor 72 m
CDP bin size 12mx12m
Nominal fold 25
Geophones 28 Hz single
Sampling rate 1 ms
5816
Record length 3s
Source 240 kg accelerated
weight drop, 8-9 hits
per source point
Instrument SERCEL 408UL
3354 3356 3358
—— CAGS CCS School, 29 June - 1 July, 2017  veLwnour:
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Maps of time-lapse amplitudes in the storage layer
showing stabilization of CO, plume

UTM Northing (km)

3355 3355
UTM Easting (km) UTM Easting (km) UTM Easting (km)

s m—

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

Norm. Diff. Ampl. 2015 (~67.000 t)
2009 (~23.000 t) 2012 (~61.000 t) ~ 2 years post-inj.

GFZ
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Sections of time-lapse amplitudes (2012-2005)

Inline 1170 Crossline 1093
0 W l 1 L l 1 1 coz 1 l l 1 1 1 E 0 S 1 1 L 1 L co 2 | 1 | 1 1 1 N
100 - 100 =
L] " “
,limetlapse noise
200 = 200 =) =
s
AET T Naae
300 - 300 \ 8
w 400 — - w 400 - it
£ £ K2
i — = 1 — _-___'—-'—'_—-—_" -
= 500 - = 500w 2 B
600 \— 600 — |
\
700 — o 700 4o .
- : .| CO,-Signature I
UTM Easting (km)
3353 3354 3355 3356 3357 3358 T T T T T T T T 900 ; T T T T : ; - T : : T

UTM Northing (km)

5821.0
58205
58200
58195
58190
58185
58180
58175
5817.0
58165

5816.0

00 010203 04 0506 070809 1.0
NRMS

1 1080 1100 1110 1120 1130 1140 1150 1160 1170

Inlines

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230 1240

Clear amplitude signature of the injected CO..

Crosslines
« Small NRMS (good repeatability).

No indications of migration (leakage) to shallow layers.
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Sparse 3D geometry maps the CO, in the reservoir

Difference amplitudes at Top Stuttgart
3D repeat Autumn 2009 Star lines repeat survey, Februar 2011

T8

SEEBLe

5818.0 -

5817.6
5817.6 -

3355 3355.2 3355.6

T T
3355.2 3355.6

-« (lvandic et al.,, 2011)

ot |

(Juhlin et al. 2010 / Lueth et al., 2011)

« Consistent results with the 3D seismic time-lapse studies achieved
« Lower operational and cost effort than for the conventional 3D surveying
« Preferential migration of the CO, towards the WNW direction is indicated
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Test 3c-geophon vs. distributed acoustic sensing

geophone

(DAS)

o vertical component - o Sensing principle of DAS
‘~ I I _\IseArtSi'cal component :
‘ T RS Light Pulse
100 - ;“ (Eessc) N~ g.lf
"; 3 ﬂ fo / 4\0\ ﬁs Fiber
i ] — Backscatter
200 - Lill I g 2 Amplitude Initial Acoustic
: = i 3 N Y W
| ey S
Distance . Noise event
300 [ Difference
= 0 T xf/k\f)
o 0 50 100 150
E frequency [Hz] (Source: D. Dria, SPE Lecturer Prog., 2012)
£ 400 -
[}
° \ Conventional VSP survey:
=ik \ 3c-geophones and VIBSIST source
\'; Spatial sampling: 5 m
|
600 - DAS survey:
! Fiber cable and VIBRO source 7- 120Hz.
0 | \\‘, Spatial sampling: 1 m
H |
L ' | ' | | | Comparable SNR
0 0.25 0.50 0.25 0.50 50 100
time [s] time [s] signal to noise ratio .
(Reinsch et al. 2015, World Geothermal Congress)
GFZ p
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Geoelectric monitoring concept at Ketzin

Crosshole ERT Resistivity measurements
are sensitive to changing
pore fluids.

t

Power source for
current injection

Surface-downhole

sssssss

Exter Fm
Arnstadt Fm
Weser Fm

1 h £ ol 5 Stuttgart Fm

Grabfeld Fm

Downhole
elctrode

T ﬁ
1 o
C
.

=D N

Well annulus: Lithology:

Well casing: [ cement | | Mudstone
Blank casing [ orill mud | | Sandstone
H Insulated casing I xc-polymer Il Anhydrite . . .
Insulated fiter | Jopmnge: [ sanconaycamenea) Displacement of saline formation water due to
(ERT: Electrical Resistivity Tomography) injected CO, increases the electrical resistivity p.
GFZ p
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Large-scale geoelectric surveys at Ketzin

Acquisition geometry of the Surface-downhole
electrical resistivity tomography (SD-ERT) surveys

5820
E &
=< 5819 e
£ Pl it
= s i e > =2
o -
g 581 Texan-125 data logger
= UNIVERSITAT LEIPZIG

5817 1 IE, E Institute of

8 ;
X o © _ Geophysics
Ketzin 0 Electric power source TSQ4 and Geology
5816 - : . : - _
3354 3355 3356 3357 3358 (max =11 A, Upnax = 3.3KkV)
UTM Easting (km)
Baseline1 Oct 2007 0 tons CO,
Baseline 2  April 2008 0 tons CO,
Repeat 1 July 2008 ~0.6 kilotons CO,
Repeat 2 Nov 2008 ~4.5 kilotons CO,
Repeat 3 April 2009 ~13.7 kilotons CO,
Repeat 4 April 2011 ~47 kilotons CO2
Repeat 5 April 2012  ~60 kilotons CO2 Borehole electrode Surface elgcf[rod.e ensemble
for current injection
GFZ
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ERT measurements show resistivity increase
and give tomographic information

2008-07-01 2008-08-01 2008-08-15 2008-10-01 Surface-downhole
measurements

depth slices z =-630 m

baseline 3. repeat
(after 13.5 kt CO2)

Depth [m]
Depth [m]
Depth [m]
Depth [m]
Resistivity ratio

-40 -20 O -40 -20 O -40 -20 O -40 -20 O
Distance [m] Distance [m] Distance [m] Distance [m]

Ktzi201  Ktzi200

x[m] -100 100 -300 -100 100

o K12i202 2D ERT crosshole results

N Ktzi 202 1 15 4020 4025
Ktzi201/ | Ktzi200 ) 10" 10'® 1020 102

A N O o resistivity p [m]

View L.e Ktzi 201 - Ktzi 200
« Settlement of the CO, related transient effects

in the near-wellbore area after ~6 months. Bergmann et al. (2012)
GF2Z 4
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Petrophysical relation between resistivity &
saturation

The changes of resistivity in dependance of the pore fluid can be expressed
by Archie’s law (1942):

p=Apy ¢MSy™" ;with Sco, = 1-Sy

—p ==p/p0 Expected changes for the Ketzin
1.E+02 5 test site:
1 A=10
m=2.0
n=2.0 « Salt content of formation
£ 1E01 4 Py T 0.05 Qm fluid: ~ 230 g/l
T ] - Reservoir temperature:
[y
- factor 10 ~36 °C (from T-logs)
a factor 4 o
2 1.E+00 ! . . v .y , « Resistivity of 20% Sole @
ofo 0.1 0.2 03 0.4 @ 0.6 @ 0.8 0.9 1.0 36°C: 0.05 Om
| « Average porosity: 23 %
L E01 « Archie parameter:
CO, saturation e A = ]_; m=2, n=>2
—GFZ Z
S — CAGS CCS School, 29 June - 1 July, 2017 7 neLmroLT2
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Early-stage injection (high injection rate)

--
______
-
-
-

4

Dry CO 4

- ry £0; ’ Wet CO, o Brine

[ ¢

H CO; flow ! N -

£ expels li —f—) CO, dissolution

s residual ’ Residual wat S

2L water esidual water .+ |hcreased Increased

c saturation B

= ’ ,* pressure pH reduces
Salt!_m_lnel:al reduces resistivities
preﬂpltatlnnl CO, solubility

Late-stage injection (low injection rate)

’ ------
Dry CO; / Wet CO, __.---m==m-===m=====""
’ o
/ . Partial pressure
‘ ~a i I decline enhances
< -7 €O, dissolution h
- increases CO, solubility

"""" <¢— Brine backflush

Dissolution of
precipitated salt

Return to
baseline pH

Wet CO, (structurally trapped) . ..c-----

sz TR [

Brine + residually CO, dissolution
trapped CO, . ..-'* ’ sustains

Progressive restoration of baseline
CO,; solubility due to pressure and
temperature relaxation

Depth (m) Depth (m)

Depth (m)

Flow conditions at the Ketzin reservoir

Ktzi201 Ktzi200
2009/06/24 (r2)

-630

Distance (m)

2011/10/14 (r5)

Distance (m)

230 2014/08/27 (18)

Distance (m)
0.0 0.25 0.50 0.75 1.0
[ |

CO, saturation



Petrophysical sensitivities motivate
multi-method monitoring

3.5} o
. PP, - x
©
w £
E —1 10 ? Seismic:
;:L 3.0F i ‘Z --- homogeneous saturation
4 i | é — patchy saturation
g - o e CO, flow experiment
O - . = A CO,S0, flow - WAG 1
@257 o v C0,SO, flow - WAG 4
1 o
i (“D’ Geoelectric:
. -1 — Archies law
20F * CO, flow experiment
T T T T T T [ ! I ! I
0.0 0.2 0.4 0.6 0.8 1.0
Sco, from electrical resistivity
Compiled and redrawn after
Kummerow and Spangenberg (2011)
GFZ
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The time-lapse responses vis-a-vis

Comparison 3D seismic with structural constrained geoelectric results

Norm. amplitude difference Base-Rep1

Resistivity index Rep3/Base2

5818.3 5818.3
- !
Seismic
5818.1 - - _‘ 0.8 5818.1 A
€ €
) =
E oe E
£ i R < ]
€ 5817.9 Observer € 58179
=z - =z
s 0.4 s
= e
=} 2
5817.7 1 0.2 5817.7
st Observer
Injector
0
5817.5 : ; — : 5817.5 : : , .
3354.8 3355 3355.2 3355.4 3355.6 3355.8 3354.8 3355 3355.2 3355.4 3355.6 3355.8
UTM Easting (km : UTM Easting (km
gbm) o LS g (km)
5 570 ™
22 kt CO, Expected 13,5 kt CO,
5818 FE S e e .
610m
G FZ 630 m 33:55 33;56
ﬁHELMHOLTZ
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Reservoir Saturation Tool (RST) measurements

Completion Ktzi200
|
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| 24 7/8“ Support casing (30m)

M4— Cement head = 63m

18 5/8“ Anchor casing(171m)

RST-
Surveys

06/2009
03/2010
03/2011
03/2011
.......... 10/2011
10/2012

—— Baseline

[4—— Cement head = 455m

9 5/8“ Technical Casing(588,2m)
Stage Cement Tool (599-602m)
Swelling packer= 622,1-625,2m

Filterscreen: 642 -646m, 647-
651m, 691-695m, 696-700m

\&—— Cement head = 754m
Cement headinside =776m

6 2" Monitoring Casing(805,4m)

Reservoir zone

Ktzi200 Ktzi201 Ktzi202
Depth Csg_200 Lith_200 Ktz200_SIGM_b Csg_201 Lith_201 Ktz201_SIGM_b Csg_202 Lith_202 Ktz202_SIGM_b
k t t }
1500 200 200 80 cu 0 200 200 80 cu 0 200 200 80 cu o]
GR_200 Ktz200_SIGM_r5 GR_201 Ktz201_SIGM_r5 GR_202 Ktz202_SIGM_r5
I '80 cu D' ' '80 cu Dl I ‘80 cu 0
~ Kiz200_SIGM_16  Kz201_SIGM_6  Kiz202_SIGM_16
0 80 cu 0
VLU E)
<
p
>
~630- ——— <
6401 || | — B G
6504 = — B | 1]
~660-
) ;
e
27N L1

brine

C——

increasing
co,

no CO, in the caprock and in the substratum

in the uncemented parts of borehole annulus
@ Ktzi201 and Ktzi202 CO, has been detected
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Brine injection as remediation measure
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Zero well-head pressure maintained for two months - enables
shielding a ,leaking™ well and provides additional time for well
remediation work.

GFZ

Helmholtz Centre
PoTrTspaAam

CAGS CCS School, 29 June - 1 July, 2017 é Tigﬂ;gg,tg:m



Monitoring accompanies the whole life-cycle of a
CO, storage site

Phase 1 Phase 2

)

Assessment>>haracterizatic>

Phase 4

Phase 3
Development

Operation

Phase 6
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Phase 5
Post-Operation
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Source : Guidance Document GD3 to the 2009/31/EU CCS Directive
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Conclusion

The multi-disciplinary reservoir monitoring concept ...

= ... is capable of detecting small amounts of CO,, e.g. clear
signature-at ~ 500 tons.

= ... can image regular injection operations as well as reservoir
processes related to pore fluid contrasts, i.e. CO, migration, CO,
venting or brine injection as flow diversion measures.

= ... can accompany all phases of the storage reservoir at various
scales as demanded by regulatory frameworks.

= ... provide a data base for coupled/joint data evaluation, and
therefore, improved reservoir interpretation.

Due to its long life-time and comprehensive data harvest, the
monitoring investment was worthwhile and profitable from the
scientific point of view!
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