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CO, storage, no thank you -.|
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Wirtschaft

CO:-Endlager, nein danke

Von Silvio Borner— Um Atomstrom zu ersetzen, muss die Schweiz
Gaskraftwerke bauen — und freiwerdendes CO: unterirdisch
entsorgen. Die Technologie ist kaum erprobt und hoch riskant.

ie dkonomische Kritik an der Férderung

kostendeckender Einspeiseverglitung
(KEV) fiir Sonne, Wind und Kleinwasserwerke
wichst. Aber die Politik erhéht die Obergren-
zen filr diese falschen KEV laufend und plant
deren Ausdehnung auch auf Grosswasserwer-
ke, In Deutschland koster diese Verschwen-
dung bereits 2o Milliarden pro Jahr.

In der Schweiz wird der geplante Ausbau
von Sonne und Wind von heute o,9 Prozent
der jihrlichen Stromerzeugung auf 12,3 Pro-
zent im Jahre 2035 wegen technologischer
Mingel, Skologischer Bedenken und politi-

Ll

grund nicht gefihrlicher ist als in der Atmo-
sphire. Zudem ist ebenfalls nicht erforscht,
wie denn die CO:~Verbannung in den Unter-
grund praktisch zu bewerkstelligen wire. Da-
zu gibt es nun ein sicher teures Forschungs-
projekt Carma der ETH Ziirich (PSI) und
Lausanne sowie der Uni Bern.

Klar ist vorderhand nur, dass das zu ver-
senkende Volumen per Kohlenstoffeinheit
knapp dreimal grésser ist als dasjenige des ur-
spriinglichen Brennstoffs. Ab einem Druck
von 7,4 MPa (ca. oo Meter unter der Erdober-
fliche) verwandeltsich das CO: in eine Fliissig-
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Carbon capture and storage -.|

s

Problem: The Keeling Curve (University of San Diego)
Ice-core qa@a'bgfqrel 1958. I\.{Iapnaquald?tg alftpry195§3.' N
Concentrations of the greenhouse gas carbon 4007
dioxide in the global atmosphere are g
approaching 400 parts per million (ppm) for the ¢ ol ]
first time in human history | |
T§ Z Z
- Temperature raise (anomaly: 0.56 °C, s 300;JM/ i
2 °C by 2100 ) < i
- Ocean level raise ( + 3 mm/year) I
- Human health issues cdiac.ornl.gov oo meome
o - Switzerland:

B Energie hydraulique

B Energie nucléaire

/2%

||[||| Substitutions nécessaires

decommission of nuclear power plants

Divers

|:| Autres nouvelles . . .
i combined-cycle gas-fired power plants might be
B Déchets 1
- Zr:‘ temporatily used (each produces 0.7 Mt CO,/year)
B Eaux usées "
Energie photovoltaique .‘ - I i_: . . .
W energie colienne ;  Kyoto protocol (1997): reduction of CO, emissions

www.avenirelectricite.ch
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e GEOlOgIC Sequestration ‘.

s

CO, can be sequestrated in one of the
following three geological formations,
widely spread, available and safe:
« abandoned oil and gas reservoirs,
e unmineable coal seams and
 deep saline aquifers:
v' highly permeable and porous
rocks,
v > 800m depth and saturated
with undrinkable water
v widespread and available
practically anywhere

nineable
coal seams
(3-200 Gt C)

oirs
— 900 Gt C)
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CO, sequestration —worldwide .'|

s

Pori ne

Sleipner T u

Gas from Sleipner West

Utsira formation
{800 - 1000 m depth)

. hltarts e ()
- m:-zﬁm“"' "‘1,2:"* mecpal Bakin
e S S G — Rusdit e
San Jusn fagn Fﬁhhaum:- - 5,__.,1,{ Watnami -
° ashe Hagain

Ty Wi gian

Sleipner Easl

R S——— 1T £ o = TP L — - Production and injection wells
— "Hm“*ﬁl‘lﬂﬁ
i Fiald
gﬁ':ﬂl sl - ﬁﬂi@p_ [ . Gongor N, Sleipner East Field
£33, FUR/ FER/ FERM \ Courtesy of IPCC
B b T et : =L 250 km offshore, 800 m under sea floor
:-;x Hurbw o :-.-u-.h‘I:‘.rII:-::II1 L . . .
B w2, | Injection: 2.5 kt CO,/day (since 1996), 0.03

GT CO, have been sequestered so far

Depth: 800 - 2500 m

Overburden pressure: 20 - 100 MPa
Water pressure: 7 — 40 MPa
Temperature range: 25 - 125°C

=
L

2600m below the sea floor

T [ oivaion S IPec 2005
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CO, sequestration — Switzerland -.|

s

Proposed sites for 800 - 2500 meters
gas-fired power plant deep aquifers
Pilot for demonstrating CO, capture on Pilot for

assessing
: onshore CO,

t - storage in
‘ Switzerland

gas-fired power plant

Basel

) SRR e
e \

e
P

-~

. Diamond et al., 2010
Aquifers:  Upper Muschelkalk:

65 m thickness, Dolomite

Switzerland (total):
- 2.7 Gt of CO, can be stored _ .

8.7 % of interconnected porosity
- current annual emission 11.3 Mt 0.7 Gt CO, can be stored

- capacity of saline aquifers is sufficient Malm-Lower Cretaceous:

for > 200 years 50-1200 m thickness, Limestone
5 % of interconnected porosity

1.5 Gt CO, can be stored Chevalier et al., 2010
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Reservolr materials

A

Candidate for sealing material

: Mainly clay minerals and tiny fragments
Caprock r‘ Porosity: 5 - 30%

O Intrinsic permeability: 10-1° — 107 cm/s
Stiffness: 1’000 — 70’000 MPa

_ Dominant pore size: dozens of nm
Aquifer

Candidates for host rock material

< Mainly quartz and feldspar
Under relevant CO, > ———= Porosity: 3 - 30%
geological storage pu— Intrinsic permeability: 10-" - 10-2 cm/sec
conditions, limestone = Stiffness: 1’000 — 20’000 MPa

suffers from potential Dominant pore size: dozens of um
alteration through chemical angstone
reactions with CO, :

Mainl Ici
saturated water. ainly calcite

{ Porosity: 5 - 35%
On the contrary, sandstone ; Intrinsic permeability: 108 — 10-3 cm/sec
remains intact during the . Stiffness: 1’500 — 55’000 MPa
injection period. TPTPY. | Dominant pore size: dozens of um

L [ voivaion SO




Injection of supercritical CO, -.I

s
Phasa Diagram of Carbon Dioxide

e

Injection of CO, e

74 atmm 12 F
1009 pes

Nova Sterilis, 2014.

LM F Fl L H H a H
¥ -120 100 M0 a2 4 X = 28 & m
Temgeratuse (“CH 31.1 °C

Beneath 800m underground CO,
exists in the supercritical state:
temperature > 31.1 °C, pressure >
7.4 MPa, density > 600 kg/m?

- o~ Ground level

< Critical depth
- lapprox)

Depth (km)

Q] voivaton S cosses o e m;:wm;;m - :
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Trapping processes take
place over many years at
different rates from days to
thousands of yeatrs.

In general, CO, becomes Structural and . . ot . - -
more securely trapped stratigraphic trapping Residual trapping Solubility trapping Mineral trapping
with geological time.

PHYSICAL PROCESSES

( Temperature

( Hydraulics )7 M

( Mechanics

- M

— M

GEOLOGICAL TIME INJECTION (1-50yrs) POST-INJECTION(50-1000yrs) CLOSURE (thousands yrs)

\ THM coupling behaviour during the injection
.(pﬂ- phase is crucial to secure the CO, storage.




g inc

Chair « Gaz Naturel » -'

s

laboratory testing numerical modeling

CO2 Saturation profile

water

Temperalure profile

50°C

S0m

CO, injection

- understanding and prediction of the effects of surrounding environment, of
mechanical and chemical changes as well as heat effect during CO, injection and

storage

- experimental and numerical interdisciplinary research on the interplay between
transport, reaction and mechanics

- advance scientific knowledge and provide reliable solutions to the industry.

Ll
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Objectives of laboratory research -.|

s

Characterization of thermo-hydro-mechanical
behavior of possible host and cap rocks in
contact with water, brine, supercritical and
liquid CO,

CO2 injection

shale sandstone limestone

gas phase
(CO, gas+water vapour)

=

liquid phase
(brine+dissolved CO,)

- O

precipitation, cooling effect, chemical mechanical

degradation, suction effect, permeability integrity
M CPFL .

E(.OLE P( L‘|"I'E(_HNIQUE

Caprock

Hostrocks




A

Chemical reactions

Dissolution

€0z (g) © €02 (qq)
COZ (aq) + HZG(I) —> H+ + HZCG_

H,CO™

3 (aq)

2_
3 (aq) < H+ + COZ (aq)

- Change in poroelastic response due to Reaction with carbonates (days/weeks)
chemical gff_ect cagsed by CO, injection CaCOs + H* & Ca’* + HCO™,

- (?hange In mela_stl_c parameters and Cac0s, + €O, + Hy0 & Ca®* +2HCO™,
failure characteristics

CaCO3) + H,0 & Ca®** + HCO™, + OH~

Reaction with silicates (years)

Si0, + 2H,0 < H,Si0,
H,Si0, & H* + H3Si0",
H3Si0~, & H* + H,Si0~,

0
240 0 300

e Oye et al., 2012 Ciantia & Hueckel, 2013
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Drained

“drained” Ap=0

K=V

AV

Ap=0

Ll
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Skempton’s
coefficient:

bulk modulus
of pore fluid:

Poroelastic regimes

A

Undrained

“undrained” Am:= 0

K, VA_P
AV Am; =0
g AP
ZXF) Am; =0
K, =v, 2P
AV

Unjacketed

A
K,'=v 2P
AV Ap=AP
unjacketed
pore bulk A
ll_ p
modulus: K| _V¢N



Host rock: sandstone

Berea sandstone (Ohio):

Slightly anisotropic (5% difference for ultrasonic
velocities and 7-8% in UCS)

Porosity = 23%, density = 2100 kg/m?,
UCS=41-43 MPa, E = 13-15 GPa, and v=10.31

Permeability k =40 mD (at 5 MPa mean stress)

Mineralogical composition:

_ _ 2 Quartz ~ 90%
Diffusivity C= 2k? 4 V)(ZVU V) = O-Zm— Feldspar ~ 7%
pos(1=-2v)"(1-v,) SeC Calcite ~ 1%
Clay - traces
| 2 . .
t~—=0.01lsec -timeto eCIU|||brate Ap due to Quartz grain size ~ 0.2 mm

4c AP = 1 MPa

Berchenko et al., 2004

-] Ly Makhnenko, 2013 u
TS
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Poroelastic response: sandstone

A

0.7 BCOI’ — 1
- 1+v,)(Ac, +Acy) ) V. K
3Ap V oK,
0.5 ~
a

_ 04 B=
- 1 1

0.3 ~ — =

a+gK " Downstream pressure
K, K
0.2 A s
_—"Drainage" valve
0.1 - G, N) —> out
00 T T T T T
0 1 2 3 4 5 6
Back pressure [MPa]
3.30
-
@
g 3.25 -
=
) P t 0
<_é> 3.20 - P' =5 MPa orous stones I@,«H# ,"' 6_0'3
[ 2 o)
> : ¢
o O
S 315- ()
a
— Upstream pressure
3.10 T T T T T —)g3
0 1 2 3 4 5 6 —"in" valve

Back pressure [MPa]

!(Pﬂ! Makhnenko and Labuz, 2013 Pump
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Initial
conditions:
P =20 MPa
P, = 3 MPa

Drained:
Ap=0

Undrained:
Am:=0

1.0

0.8 4

0.6 4

=1

0.4 4

0.2 4

0.0

0.0

1.5 3.0 4.5 6.0
Plastic shear strain [107]

QLIE
E

FEDERALE DE LAUSANN
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Constitutive response: sandstone

A

r0.2

0.0

Plane strain,
undrained

Model, undrained

N\

Triaxial, undrained

3

Triaxial, drained

2 4 ; 6 8
10
Drained: 7 ] Undrained:
dr _ H dr H + 1K 4
dy 1+H/G dy  1+(H +ufKy)/G

Rice 1975, Rudnicki 1985

YK, =0{l/K, ~VK.")+a/K

Makhnenko and Labuz, JGR-2014



Host rock: limestone

A
25

Calcarenite (Apulian limestone):

Close to be isotropic 20
(2% difference in ultrasonic velocities)

y = -5E-05x" + 0.0059x? - 0.2474x” + 3.7648x + 1.5937
R?=0.9958

15 -

©
-
2
=

Porosity = 33%, density = 1400 kg/m?,
UCS=15MPa, E=7.3GPa, and v=0.25

10 -

Permeability k =3-5 mD (at P'=5 MPa)

T T

0 10 20 30 40 50
p [MPa]

Mineralogical composition:
Calcite ~ 98%

Traces of other minerals
Grain size = 0.05 -3 mm

I TR D Makhnenko and Labuz, 2014 ;
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P

K =5.1GPa
K.'=42.7 GPa

o =0.88

S

Kearcite — @ lOt Of very small and

non-connected POres

ECOLE POLYTEC IINI )JE
FEDERALE DE LAUS,

]
o

4] —11 —13 —12]

B R N N W w b~
oo O o O o o O,
I I I I I I

Hydrostatic pressure [MPa]
o

o o
I

6 8 10 12
Strain [109]

,'=42.7GPa

=
(6]
1

=
o
1

K." is significally smaller than

()]
!

Hydrostatic pressure [MPa]

K =5.1GPa

o

| (; I’fl.

2 3 4, 5
Volume strain [10™]

Makhnenko and Labuz, 2014




Characterization of dissolution

A

brine

0.8 Viscoporoelastic formulation for undrained
0.7 B™ =0.70 constant mean stress response:
0.6 -
a d 1
0.5 - i = (P _ p)
0 0.4 - BK dt 77¢(1_¢)
031 dg (1 1 dp 1 (P p)
0.2 - —=| —— : — —
0.1 - dt K (1_¢)Ks dt 1,
0 ‘ ‘ ‘ | ‘ 11,4~ Matrix bulk viscosity
L5 2.0 2.5 3.0 35 4.0 4.5 Connolly and Podladchikov 1998
Pore pressure [MPa]
0.10
0.05 \ Time [s]
0.00 . . . ‘
005 T ke ° 2000 4000 6000 8000 10000
-0.10 ~
S
D015 -
-0.20 ~
-0.25 A . R
-0.30 - .
0.E+00 ‘ . . ‘
0 2000 4000 6000 8000 10000  03°

Time [s]

.(l)ﬂ- Makhnenko and Podladchikov, 2015
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=W~ Characterization of chemical effect

X-ray CT scanning Mercury Intrusion Scanning Electron
Porosimetry (MIP) Microscopy (SEM)

8 pm/pixel 100-0.003 pm 4 nm/pixel

- microstructures - pore size ditribution - surface morphology and

- pore space morphology and | | - relation between Hg topography
porosity pressure and volume of

- fluid saturation intruded pores.

- mineralogical composition ' o

L—Conﬂomrhnm
I

] o Sligmater
'I%‘- ~_—— Scan cols
H - Objoctive lans
Bullat

. Gaseous Secondary
Elaetron Datactor (GSED)

Sample stub

Non-destructive Destructive Destructive/non destructive
Qualitative Quantitative Qualitative

R t al, 2008
L e 0
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Water injection
(1 MPa for 4 days)

Goal: observe change
in porosity and pore

morphology

yiAccY SpotMagn Det WD b—{ 50um LAl S AccV SPUt Magn Det WD I E 2 um
JUU KV 3.0 500x ..3[_ 29f Small :

e e ¥ - -

.( I’fl.

5. 00 kY 3.0 10000x SE 29.7 Small
§ R ot #50  Tl
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Mercury Intrusion Porosimetry (MIP)

Treated and dry specimens of
similar size were tested with MIP

- Cumulative volume of pores with radius
larger than 5 um increases from 3 to 10%

MIP results: dry specimen
100 H H H
. - Increase in total porosity is about 2-3%
80
<7 |
D 60 -
£ MIP results: Comparison
o
> 40
£
3 30
35
20 |
10 |
30
0 = : ‘ ‘ :
10000.000  1000.000  100.000 10.000 1.000 0.100 0.010 0.001
Pore Radius [um]
&
MIP results: treated specimen E 0
100 2
S
90 |
80
70
g 60
E I
g 50 s
£ 40 | L
g m‘.
30 | o " ncmand
10000.000 1000.000 100.000 10.000 1.000 0.100 0010 0.001
20 |
10 | A‘_—'—‘__f Pore Radius [um)]
0 - = : : : ‘ Dry specimen
10000.000  1000.000  100.000 10.000 1.000 0.100 0.010 0.001 Treated specim en
Pore Radius [pm]
()

U1 tobesig S
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MIP results: dry specimen

-1 MIP ¢ =0.385

Cum. Volume [%]

10000.0C0 1000000 100,000 10000 1.000 0100 000 0001

MatLab©
- Pixel size 8.41 ym
- Grey-scale 0-255

Pore Radius [um]

- Each mineral has
the same density

- Grey intensity is
in proportion to
pore size

- Normal
distribution

L H i L
i} 50 100 150 200 250 300

MatLab® ¢ =0.375

Y
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[ |
Casing
Cement
sheath
Cement plug
1 -Fluid (Pore water,

C0o2)

Overcoring

outline

Opalinus Clay

swisstopo
- (il I tebtesing 3
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mo.M Courgenay
1000

600

400

1000 2000 3000 3962

=

Limestones

| LATE JUR

=

Limesiones Fault zone

[ ]

nnnnnnnn = Limestonesi
nnnnnnnnn

| TERTIARY | | TRIASSIC | EARLY JUR_| MIDDLE JURASSIC | LATE JURASSIC |

Tabular Jura

Folded Jura

Main Objectives

Build well elements

ocklaborstory _Base, RN
Measure of the flow inside Lz
and outside the casing i
-> sealing changes -~
Sample fluid across time &= b

-> fluid changes

Take samples of the different
elements (overcoring)
-> mineralog. changes




Caprock - iIssues

Wellbore

.( Pﬂ- Lab testing Shales mont-terri.ch
ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Cap rock

Cap rock

Cap rock

Seal permeability
(w/ respect to H,0 and CO,)

Seal capacity
(CO, retention properties)

Seal integrity (propensity for
brittle or ductile behavior)

Pressure build-up due to
injection of CO,

Geomechanical/failure
characteristics (effect of in-
situ stress variations)

Change in mineralogy!/
porosity/ permeability due to
the chemical effect

25



Geomechanical testing of shales

Opalinus clay behavior at different mean stresses and temperatures:

» Water retention curve T T e T e 0.00
Of Swiss shale | T — + Wetting | -
. N = NS % © Drying
[Ferrari, Manca, Laloui] RE-RkE RN
: N
g 060 W -0.01
& R
HIGH-PRESSURE : e
2 N
OEDOMETER P R
& 020 Iye
N¥
\ —
0.00 e — -0.02
1 10 100 1000 E
=
-
g
'E' -0.03
=

-0.04 Oedometric curve of a
Swiss shale [Ferrari, Manca,

Laloui]

[
'G.GE L& L phiuil L bl [ T
SORBTION BENCH 0.1 1 10 100

Vertical stress [MPa|

Y x
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Caprock: failure

brine

Caprock
% L
[ T b
‘ cO2 ptessur'\zo\\on
Aquiter

I\ :
4
©
v
N o
(s
S
&
E | '

Normal effective stress o',

Y

ECOLE POL MNICLUE
FEDERALE [ NN

oc'=0- pf

SAMME

Ps =S¢ Pe+SwPw

Mechanical weakness:

the interface between the caprock
and the aquifer:
* Primary barrier to prevent CO,
from leakage
Failure potentials to be evaluated

Shear stress

a'f1+20'13

Mean effective stressp’ = ——

Laloui and Li, 2014



Capillary effects

CO2 injection water phase
(brine+dissolved CO,)

Caprock

Host-rocks

(Supercritical CO,)

Wetting phase : water 4Tcoso 2T

Capillary stress:  Pu = Pco, = —4 - R

Non-wetting phase : CO,

i .

ECOLE POLYTECHNIQLUE
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= CO, pressure increase / capillary stress
increase / effective stress increase I]I]I::> mass
shrinkage (free shrinkage)

= If shrinkage is constrained, reaction forces
arise.

tensile stresses are built up, tensile strength is reached

= Three main causes of shrinkage constraint:
(1) Boundary restraint
(2) Moisture gradients inside the body

(3) Internal structure

QT toesing 3

Tensile
stresses

Initial situation

Compressive

stresses

l

|

|

Laloui and Li, 2014

The cubes shrink
and keep contact
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CO, retention behavior

A

Water retention curve with air
at room temperature
and atmospheric pressure :

o = 0.073 [N/m]
0=0[]

1.00

0.80

=
foN
S

Water retention curve with CO, at

20 °C and pressure of 8 MPa :

Degree of Saturation [-]

0.40 o =0.030 [N/m]
0=20[]
0.20° 1 (Espinoza and Santamarina, 2010)
Sr 0 r—T—TTTTTT —TTTTTTm T TTTTT r—T—TTTTTT Reductlon Of gas entry Value from 13
0.1 1.0 10.0 100.0 1000.0 to 8 [MPa]
< 1 Matric suction [Mpa]

Water retention curve of Opalinus Clay:
Ferrari et al., 2014

Ll Laloui and Li, 2014
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Host rock and caprock microcracking

A

Inelastic response (yielding) of rock is microcrack
associated with microcracks, which Te— > NN AV/\/\ A{\
generate elastic waves called acoustic : YRy \/ |
. . elastic wave
emission, AE. transducer
t
drained compression undrained compression
3.0 1500
1.2 800
_, inelastic deformation peak —» inelastic deformation peak load
load 25 -
-+ 1200
$ 0.9 - 1600 o
S =20 |
- ¢ +900 £
‘© ¢ % © )
£ 06 400> 715 >
o w 2 + 600 W
£ < Ei0] <
=) 0.3 - L 200 g
> 0 ] il
05 | 300
0.0 nl T T T T O 0.0 “ T T T 0
0.0 2.5 5.0 7.5 10.0 125 0 5 10 15 20
Shear strain [10"3] Shear strain [107)]

ECOLE PC
FEDERALE DE

.(l)ﬂ. Makhnenko and Labuz, JGR-2014



Host rock: AE events locations

A

450 2500
400 - 1 2 3 4 all events fractured specimen
,__‘. 200¢ o
350 - —
a0t 1
300 - F|
= + 150C or
< 250 -
_% 60
200 -
3 -+ 100C r
150 - T ok
100 - 1 500 o}
50 j 0+
0 - T T T T T 0 10F
0 0.05 0.1 0.15 0.2 0.25 0.3

1 1 1 1 1
Lateral displacement [mm] o moa oA A

0-1 = 1-2 = + 2-3 = 3-4 «
.*.
70t ol g v+ . i
5 F A #f‘f** * " * 4 % o
BO |- BO-| * %** gl | ¥ o+ e B0
*ﬁg‘aﬁ * £ *
sor 50 % ok ¥ *, -
- # = = + =
a0t 40+ F 40 * *L 40
+ *_:* * g
ci) af| of |+ ﬂ% * 30 oF
20} *tﬁ | * o A
eyt 20 + WE | *, T+ ut| % %
8 12 : . *
F #
or T or|, o} * o} F .
[ ; : ; : : n] L L L L L | | | | | | | | | |
R 5)? o120 30 4 50 0 O 10 20 30 40 = S T R
" ¥ ¥
)
G Lab testing Sandstones Makhnenko, Ge and Labuz, 2015 32
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brine

Summary

s

- Geologic sequestration of carbon dioxide is promising option for reducing
greenhouse gas emissions

- Thermo-hydro-mechanical processes occur during CO, storage:
deformation and failure potentials triggered by injection-induced overpressure
and cooling are the key issues to be addressed

- Laboratory testing is needed to characterize different aspects of rock-water-
CO, interactions and an advanced equipment has to be used to get accurate
results and make reliable predictions

- Geomechanics will play a key role in seeking a balance between injectivity
and integrity/safety of host and caprocks

W "8 < R

S| et
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