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Overview of the presentation

e Site characterisation

e Site development and operation

e Monitoring

e Dynamic modelling

e Public outreach

e Conclusion

e Combined Power-to-Gas CO,-storage concept
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Different geological options for CO, storage

1 saline aquifers (a) off-shore (b) on-shore - injected CO,

2 ,enhanced oil/gas recovery” === recovered oil/gas
3 depleted oil/gas reservoirs W stored CO,

4 unmineable coal seams

5 ,enhanced coal bed methane recovery*

6 other (basalts, evaporites, cavern)

Ketzin - -

from national but also global perspective:
saline aquifers have largest storage potential (Germany ~6-12 Gt)
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Today Ketzin covers all aspects of a
CO, storage site

-~ abandonment -
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laborato r pilot
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Many project partners support the
R&D activities at Ketzin since 2004
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http://www.bmbf.de/

Characterisation — iterative and on-going
Aim: long-term storage of CO, without negative effects on humans
and the environment

Initial exploration to choose site
« Based on available data
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Ketzin has a history in gas storage

* In 1960s facility for
natural gas storage
Imported from Siberia
Installed.

 Natural gas was stored
In sandstones at
shallow depth (250 -
400 metres).

* Facility closed due to
economical reasons in
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Local geology of the Ketzin pilot site

8° 10° 12° 14°

56°

e Jlocated in the North German Basin
 double anticline above salt pillow
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reservoir:

sandstones of
Upper Triassic
Stuttgart Form.

lateral and vertical
heterogeneous

620 — 650 m depth

cap-rock:

Upper Triassic
shales

>165 m

GFZ

Helmhaoltz Centre
PoTsbpam

ﬁ HELMHOLTZ

| ASSOCIATION



depth
[m]
620

625
630
635
640
645
650
655
660
665
670
675
680
685
690
695
700

Different rock types were characterized

Ktz 200 Ktz 201 Ktz 202

.. base Weser
top Stuttgart

------

reservoir
{3
e
%gl =
T
base
" Stuttgart

cap rock:
mudstone (Weser formation)
porosity ~ 8 %, permeability ~ uD

reservoir:
sandstone (Stuttgart formation)
24 — 47 wt % quartz
13 — 20 wt % plagioclase
7 — 30 wt % clay minerals

porosity ~ 26%
permeability
laboratory: @ 300 — 400 mD
(but extreme variable)
hydraulic tests: 40 — 80 mD

fluvial system
extreme heterogeneous

G F Z Norden et al.,, (2010), SPE Reservoir Evaluation & Engineering, 13, 2, 179-192.
Forster et al. (2006), Environmental Geosciences, 13, 3, 145-161. ﬁusmuouz
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Site Development and Operation
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Characterisation — iterative and on-going

Aim: long-term storage of CO, without negative effects on humans

and the environment Criteria

Initial exploration to choose site fail, work

« Based on available data v stops

Detailed exploration and initial

characterisation

 New measurements to set up
geological model and assess
suitability of storage site

_ _ _ _ % Criteria
First comparison of models against field data

fail, work
* hydraulic tests on site stops

» lab work e.g. for poro-perm parameters
GFZ
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The pilot site Ketzin

Shallow observation well
P300, first indicator
horizon, U-tube system ) )
- : Observation well, Ktzi
. , 202, ~750m, DTS,
Q ' VERA, Fluid sampling
et -y

|

-

" ’ ' INSAR satellite reflectors

E
S

Observation well, Ktzi Soil flux station

203 —750m, DTS,
VERA, P Sensor

Observation well Ktzi 13 shallow wells, 50 m for
200, —750m, DTS, VERA passive seismic monitoring
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A unique and interdisciplinary monitoring
concept is applied and operated at Ketzin
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Injection process at Ketzin
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The CO, Injection ran safely and reliably

e Start of CO, injection: 30.06.2008
e End of CO, injection: 29.08.2013, 67*103 t CO,,

e CO, sources and quality
— Primary source: food-grade CO, (Linde), = 99.9%

— Secondary source (1,515 t from May 05 to June 12, 2011):
Schwarze Pumpe pilot plant (Vattenfall), > 99.7%

e Injection rates: 24 to 77 t/day (currently — 1 kt CO, /month)

—

~2010/04/28 .
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Formation pressure and injected mass of CO2

downhole pressure sensor data, bar
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ted mass of CO,

injec

Injection rates and

injection rate, tons/hour
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Monitoring
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CO, flux and temperature show
typical seasonal variations

Monthly soil flux measurements

at 20 sampling locations

baseline injection
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G F Z Zimmer, M.; Pilz, P.; Erzinger, J. (2011): Long-term surface carbon dioxide flux monitoring at
the Ketzin carbon dioxide storage test site. Environmental Geosciences, 18, 2, 119-130. fHELMHOLTZ
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Pressure [bara]

Above-zone pressure monitoring P300

injection well Ktzi 201
74.0 - reservoir pressure @ 630 m

73.0
72.0 -
71.0
70.0
69.0 -

above-zone monitoring P300

425 3 shallow aquifer pressure @ 417.8 m
415 3 '

15.09.11

e S ——

14.01.12 13.05.12 10.09.12

Date

 no hints to any leakage
no hints to any hydraulic connectivity through cap-rock

Wiese et al., 2013 # weLmovrz
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Second 3D seismic repeat evaluated

5822

3D Baseline 2005:

41 Templates

~12 km?
_—e—_—e——e——e———————nn
' 3D Repeat 20009: |
20 Templates |
(~22 kilotons injected) |
3D Repeat 2012:
31 Templates
(—61 kilotons injected)
Survey performed
from September to
November 2012

5820

5818

1 Template:

5 lines, 240 geophones
12 lines, 180
shotpoints

5816

3354 3356 3358
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Time-lapse seismic wave amplitudes at top
Stuttgart indicate lateral extent of detected CO,

Baseline 2005 minus 2009~ Baseline 2005 minus 2012

B €
£ 5818 &8 £ 5818 &=
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3355 3356 3355 3356
UTM Easting (km) UTM Easting (km)
Normalized time-lapse amplitudes:
Baseline — 2009; 22 kt CO, Baseline — 2012; 61 kt CO,
Areal extension:
~8 hectares ~15 hectares
GFZ
Lueth et al., 2013 £ veimnoirs
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Set-up of the Vertical Resistivity Array
(VERA)
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Geoelectrical measurements show
resistivity increase at reservoir level

depth slices z = -630 m vertical profile Ktzi 201-Ktzi 200
baseline 3. repeat relative resistivity changes
(after 13.5 kt COy) (3. repeat vs. baseline)
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Henninges, J.; Baumann, G.; Schutt, H. (2012): Surface-downhole electrical resistivity
nemnoltz cenre tOMography applied to monitoring of the CO2 storage Ketzin (Germany). Geophysics, 77, ﬁHELMHOLTZ
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Modelling and simulation started before
Injection and accompany entire operation
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Successful history matching only for arrival time
at the first observation well

° e MUFTE-UG - gaseous CO2 mass (kg) |' 'l' :
= = MUFTE-UG - dissolved CO2 mass (kg) ,' : :
4 - ==E300 - gaseous CO2 mass (kg) |' " |'
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e Calculated vs observed
: CO, arrival times
g2+ | Ktzi 200: 23 — 25 days (observed 21)
Ktzi 202: 60 — 80 days (observed 271)
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G FZ Kempka, T.; Kihn, M.; Class, H.; Frykman, P.; Kopp, A.; Nielsen, C. M.; Probst, P. (2010):
thththththth Modelling of CO2 arrival time at Ketzin — Part I. Int. J. Greenh Gas Con, ﬁusmuouz
Porsoam 4,6, 1007-1015. | EDOC:15131 | 10.1016/j.ijggc.2010.07.005 | | ASSOCIATION




Dynamic fluid flow models show a good
vations

;i T

78
S 76
e 74
8.,
= 72 ¥ -
9_) 70 'rE | o r —Ktzi 201 pressure corrected to 639.5 m (barsa)
5 68 + n y o ----Ktzi 201 pressure at 639.5 m simulated using TOUGH2/ECO2N (barsa) | |
% 66 A ,::"'.T; .._:' -+« Ktzi 201 pressure at 639.5 m simulated using ECLIPSE100 (barsa)
8 ."_-" é kX ',:."' —Ktzi 202 pressure measured at 623.8 m (barsa)
o 64 5‘.; 'ﬁ'-". ' "-,;'-' ‘ ----Ktzi 202 pressure at 623.8 m simulated using TOUGH2/ECO2N (barsa)

62 L‘ v -+++Ktzi 202 pressure at 623.8 m simulated using ECLIPSE100 (barsa) 1

60 ¢ | | ! | ! | | |

& 3] & & ) 9 ) ) %) 9 o O N Q O Q N N N N N N
Q Q Q O Q N QO S N Q & o = N " N & & & o &y 5
Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q Q
RS P I S F T, IS EFSF LT LIS E S S
0 A I S S G- M S MR- AN N N - N N N A A \ A N A AN
Date
GFZ Kempka T, Kihn M (2013 online first): Numerical simulations of CO, arrival times and
reservoir pressure coincide with observations from the Ketzin pilot site, Germany. ﬁ HELMHOLTZ

Helmhaoltz Centre
PoTsbpam

| ASSOCIATION

Environmental Earth Sciences. doi:10.1007/s12665-013-2614-6



Characterisation — iterative and on-going

Aim: long-term storage of CO, without negative effects on humans

and the environment

/’

Measurement and
Modell agree

Measurement and
Modell do not agree

Adapting injection
GFZ

Monitoring of
CO, injection

N

Comparison of plume
behaviour with model
predictions

Understanding
the difference

/

~~

Adapting the model
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CO, trapping Is dominated by the solubility
trapping mechanism at the Ketzin pilot site

100 100

Structural &
stratigraphic
trapping

Structural &
stratigraphic
trapping (0 %¥*)

80

3sing Storage Security

60 :
Residual CO,

Trapping (0.2 %%*)

% Trapping contribution

Solubility
trapping

PCC (2005) Mineral
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GFZ Kempka T, Klein E, De Lucia M, Tillner E, Kilhn M (2013) Assessment of Long-term CO,
Trapping Mechanisms at the Ketzin Pilot Site (Germany) by Coupled Numerical ﬁusmuouz
PoOTSDAM Modelling. Energy Procedia, 37:5419-5426. doi:10.1016/j.egypro.2013.06.460 | ASSOCIATION




Public outreach

Don’t ask what it costs to get acceptance, ask what it costs not! to
get it. (N.P. Christensen)

e Transparent information about the Ketzin project, the monitoring
concept and results from the very beginning

e Engagement on community level — presenting results at the
district council, on Wednesday everybody is welcome at the test
site, annual open house for the locals

e Extension of visitor centre (1000 visits/year), set-up of new
website (www.co2ketzin.de), further press relations

e Extensive publishing of scientific results

GFZ _
www.co2ketzin.de I

PoTsbpam |ASSOCIATION
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http://www.co2ketzin.de/
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The way forward at Ketzin

The planned project (2014-2018) will:

o for the first time ever close the whole life-time cycle of a
CO, storage site at pilot scale,

« expand knowledge on post-injection monitoring and site
behaviour, and

e provide first-hand experiences on site abandonment and
transfer of liability

by:
« R&D work on long-term well integrity, well abandonment
strategies, post-injection monitoring and

 continued profound and factual information policy

ﬁ HELMHOLTZ
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Lessons learned from the Ketzin pilot site

» Ketzin project demonstrates successful CO, storage in a saline
aquifer on a research scale — scientific base for a demo-scale
project has been achieved.

e Storing CO, in the subsurface is a lifelong learning-process:
predicting -> storing -> comparing ->understanding.

« Down hole temperature and pressure are very important
parameters for the daily operation.

 Geophysical and geochemical methods used were able to
detect the CO, plume and gave valuable input for the models

 Transparency towards the regulator and the public are of
highest important — building up confidence!

- I“ ' &
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The coupled Power-to-Gas CO,-storage concept

wind power - .
methanation i .
: elektrolysis

combined-cyclest

------

s

~ |methane gas storage
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Case study for the city of Potsdam
(Germany) supports the concept

« Due to a rapid increase of wind turbines and photovoltaic in the
German energy generating system, energy is produced which cannot
be used at the time of generation.

By using excess electricity to run electrolysers H, is produced which can
subsequently be used to produce CH, for which an infrastructure exists.

« The cycle wind energy —= H, —= CH, —> electricity has an overall
efficiency of 33%.

 If the power generating unit is equipped with a capture unit and the
CO, of the combustion of CH, is stored and reproduced when needed a
closed carbon cycle is established which produces approx. 80% less
CO,. This cycle has an overall efficiency of 28%.

e To provide enough CH, from wind energy, fuelling the transformation of
CO,, to produce 300 GWh — 30% of the annual electricity consumption
of a German city — the annual full load of approx. 510 wind turbines is
needed.

G F Z Streibel, M.; Nakaten, N.; Kempka, T.; Kuhn, M. (2013): Analysis of an Integrated Carbon
Cycle for Storage of renewables. Energy Procedia, 40, 202-211. ﬁ I
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