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ARTICLE INFO ABSTRACT
Capillary Caprock Biological i Thepast oo decade ofresarch on Cbon Capure and Storage (GG sccn  have fnllybecone il 3
€O, storage global leaders and energy-intensive industries are cooperating to materialize CCS projects and reach the

rd the United States or Canada. Because of the reactivity between calcite minerals and CO; saturated water, chalk

Depleted oil fiekls formations, characterized by high porosity and low permeability, have been previously portrayed as infeasible

Decarbonisation €O, storage sites. Although previous laboratory investigations were carried out to assess the performance of CO- Mudstone
Carbon neutrality EOR in North Sea chalk fields, these studies did not result in any field-scale demonstration projects; this may soon

North Sea change since a positive movement towards COz storage in depleted oil ficlds has been recently initiated. In this

work, we reviewed existing studies on COz injection in chalk to address the suitability of this type of formation

M | neral Fau |t Mechan |Ca| for CCS. Although the evidence on the thermo-hydro-mechanical-chemical behaviour of chalk in the presence of

CO-saturated aqueous solutions is mixed, the majority of flooding tests performed on reservoir core samples do

not support further weakening relative to water injcction conditions nor significant changes in the petrophysical

trapping reactivation effects ropete. Along with the weakening clfect and wsng the Daish North Sca chalk s 9 a case stdy, we
addressed events that impact the storage site safety such as fault reactivation, and caprock and well integrity.

v v v Furthermore, monitoring techniques relevant to offshore locations are also discussed. Based on studics on other
types of carbonates, and g the of chalk (c.g., y, wettability, and reactivity)

we analysed the relevance of different trapping mechanisms (i.c., solution, capillary, and mincral) but also

several effects (i.e., chemical, biological, mechanical) that can lead to loss of injectivity. The main observations

N N and conclusions in this work can be easily extrapolated to other chalk formations worldwide.

Storage . .
efﬁcier?Cy Well integrity https://doi.org/10.1016/j.earscirev.2021.103826
v v

tra pp | ng |nteg r|ty effects (f‘f‘_‘“ promised reduction in CO, emissions. Traditionally, CCS projects targeted mostly high permeability sandstone

formations, despite the numerous carbonate fields undergoing CO3 injection for Enhanced Oil Recovery (EOR) in
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[ Chalk properties ]
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Impurities in the CO2 stream impact the storage in the subsurface
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CO2 stream composition

Diverse CO,
stream
composition

The composition of the CO, stream depends on the fuel, source, and
capture method
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CO2 quality - recommendations

DYNAMIS project (Towards Hydrogen and Electricity Production with CCS)
(2006-2009)
de Visser et al., 2008 (IJGGC)

Component | Composition Limitation

CO2 >95.5% ) § | %
H2 <4% * H&S § “g é:%
Ar <4%* ENCAP gg 2 a3
N2 <4%* ENCAP 58S 22
CH4 <4% vol. (aquifer), <2% vol (EOR) | ENCAP : gﬁg g
O 2000 ppm H&S $858 8%
H2S 200 ppm H&S % % % éég
H20 500 ppm D&O * e

CO, quality recommendations represent a trade-off between the
compositional requirements along the entire CCS value chain

DTU Offshore
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CO, quality - materialized

CO, stream composition used in the Aramis project

Component | Composition
[mole %]

CO2 95

H20 0.004

N2 2

02 0.004

H2 0.75

He 1

Ar 1

CH4 7.5%x102

Component | Composition
[mole %]
CO 5.0x104
H2S 3.0x10+4
NO2 2.0x104
NO 5.0x10-3
S0O2 1.2x101
C2H6 3.5%x102
CH40 2.0x103
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Impact of impurities on the storage

Effects Storage
Physical Injectivity
CO, impurities Chemical Capacity
Biochemical Containment

The impact of impurities in captured CO,(from power plants and other CO2-intensive
industries) on CO, transport and storage was assessed in the IMPACTS collaborative
project. (2013-2016)
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Type of storage

Mathieson, A., et al. 2011.

Saline aquifers

DTU Offshore

Lacqg CCS project

' ROUSSE-1

Lescanne, Marc, et al. 2011

Depleted HC
reservoirs
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Physical effects

« Impurities induce changes in:

1000.0

pressure [MPa]
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[ Phase behavior ] [

solid
|
| supercritical
100.0 4 | region
dense phase |
liquid |
|
wo4 | e
liquid critical point
Pc=7.39MPa 1,=31.04°C
1.0
gas
triple point
0.1 1 . .
200 250 300 350 400

temperature [K]

RT a

P= -
V—b V(V+b)+b(V-b)

DTU Offshore

Density Reduction in CO2 %

N
Density Viscosity [ IFT ]
J
P/MPa 95
20 /30 40 50 60 o O ¢ Al-Siyabi, 2013 § &2
o s L 343.15K B 201 a iyabi, y o
: 4 o A CO2/CH4
2 75 F «* 4 A * CO2H2
o 4 — 15 0" + CO2H2
-4 w65 F g * g
§ 55 ! Z © x
® SV 5 L E N
. S b ° ! Al-Siyabi, 2013 | T,
o4 = A
10F _.gg;jg’; By oA @PuUreCO2 [CICO2with S¥Ar A CO2with S%H2 5 A% .
12 oo 2 ¢ o COzphase/Decane  Fix,
1 T ALsiyabi, 2013| 1 A E— 0 : —2
-otyabl, 0 10 20 30 40 50 60 Y 2 4 6 8
1i Pressure/MPa P [MPa] }

Experimental measurements on binary systems

—

Predict the physical behavior
of CO, streams with complex
composition at different P, T
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C 100 km ,

: : A
Physical effects WA . o 100k
light-impurity species will result in
greater buoyancy for the CO2 plume,

2 km [ sloping caprock

regional

Storage groundwar
mechanisms

mobile CO2

Szulczewski, M.L., et al. 2012

dissolved CO2

B spnes suw
TN ()]
v A

A / residual COz

R results in more structural trapping

Residual CO, » less time for solubility/ residual
trapping trapping due to rising vertical
velocity -~

» potential for leakage increases \ .
N - ol -

Structural & Reduced CO2 mixture density a\

Trapping contribution %

* Reduced convective fingers due
to less increase of water density

* Reduced solution trapping

* Increase of IFT will increase
capillary trapping

1 10 100 1,000 10,000
Time since injection stops (years)
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Physical effects — Injectivity

« Decreasing viscosity increases the

mass flux for the same pressure drop

* Increasing density decreases the

mass flux

DTU Offshore

PT-phase envelope

Storage and
CO, capture compression

Supercrifical

A

Superecritical
High Temperature
High Pressure

Liquid

Power station k i A

Pressure

B

Bubble flow
© liquid (0,+
© (0, gas bubbles

‘e Gas Supercritical
¢ C | High Temperature D | High Temperature
% Low Pressure High Pressure
<0 -
,[9 Reservair fills
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Physical effects — membrane seal

lt conversion factor =

DTU Offshore

P

ower plant - CO2 capture

Compression
P — Pipelineé CO:z2 injection

Section A-A
AP =
(Pw-Pcoz)gh

Ap hydrocarbon / water

COS 9(302/1

vater

Oc O, /water I

I A'D CO, / water

cos ehydrocarbon /water O-hydrocarbon /water

/102 "D [ ‘euewelues g N *q ‘ezouids3
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Chemical effects

Dissolution of CO2/impurities in FW

« Some impurities have a higher solubility in

FW compared to CO2

« Dissolved impurities can drive pH to lower » Synergistic chemical effects of impurities:

values compared to carbonic acid > 02 can oxidize some of the impurities
H,S(g) + 20, (g) - SO0F (aq) + 2H*(aq)
2NO(g) + 20, (g) — 2NO02 (g)

* E.g,, calcite dissolution, anhydrite » H2S and SO2 can lead to the formation
precipitation of sulfur

Changes in porosity/permeability 2H,S (g) + 502 (8) - 35 (s) + 2H,0

Impurities in the CO2 stream can also undergo chemical reactions with the cement barrier or increase well
corrosion rates

Dissolution/precipitation reactions

14 June 2019 DTU Offshore Effects of CO2 impurities on storage
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Chemical effects

QPilot tests OdLong-term simulations of CO, injection
» Hontomin (tight carbonates): 95% in sandstones aquifers generally show
CO,/ 5% synthetic air that long-term effect of impurities on
> Ketzin (sandstone): 80% CO,/ 20%N, the porosity/permeability is minor.
QLaboratory tests %

B 040%

CO,+Impurities+Brine 2 501 i ?,:?, Initial pOtosity
J R Regression {0.4%), R,=0.99
- — Regression (0.3%), R™=0.99
E
. . . 2 30
» Sandstones: no/minimal alteration of £ .-
permeability/porosity alteration after g 20 100 N
: s m SO,/CO
soaking 3 0 PP 2/CO,
» Change in permeability of caprocks , |
dependent on impurity and carbonate 0 20 40 60 80 100
content Carbonate weight percentage (%)

In depleted oil fields, the presence of residual oil coating the mineral surface may limit the
extent of geochemical reactions.

14 June 2019 DTU Offshore Effects of CO2 impurities on storage

Bolourinejad, P., & Herber,
R. (2015). Applied
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Chemical effects — Injectivity

[ Injectivity }
[

[ Mineral ] | ' : * [ Salt ]

dissolution J(---] (-] (=) precipitation
» The dissolution of CO, in brine decreases pH, « CO,/H,0 mutual solubility lead to a
promoting mineral dissolution “drying out” effect
» Impurities soluble in water can decrease pH « Impurities can intensify water
further leading to additional aqueous species vaporization, promote the precipitation of
« Aqueous species stemming from impurities secondary phases and further enhance
promote precipitation of secondary mineral salt precipitation
phases

& 2 il -+ Lower pH in the presence of
C{§ d H,S did not decrease the
E;fg permeability = precipitation
‘é’ fé ., of secondary phases (e.g.,
E g E o anhydrite precipitation pyr|te, anhydrlte)

R L&
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Chemical effects — Containment

Carroll et al., 2016

Savija, B., & Lukovi¢, M. (2016).

Unreacted cement  Reacted cement Brine ot
ca 2 ,
> OH >
[ = ~
) i’ °
8 H,CO, 8 4‘-6 2 20N 20 2 <t
= C @ 7] 7] @
%8¢ g2 = S
Low pH még:'-é = O z O : O s O
o = O3S o a2 S N SN £ N
K. he} = n
g % ce5¢28 Sl S = R
2 —_ — 3 3 3
T ER2e2 2
s a8 O F =2
£ LT £l H
= tQoc & s
VLuox< 2
\Dissolution reactions / Precipitation reactions < Aqueous Transport g
H,S and SO, drive additional interactions with the
cement (oxidation-reduction, sulfidation) N
» Formation of secondary phases, e.g., ettringite, gE ' - ' “‘_:__-‘gggaf‘-
pyrite = e HGo3
- - - B a +
CO2/H2S (21% mol) did not induce mechanical ——pH
12 14

damage on the cement

LOV\_I Impurlty concentrations 'e'xpected to have no Raoof, A., Nick, H. M., Wolterbeek, T. K. T., & Spiers, C. J.
major effect on the permeability of Portland cement (2012). International Journal of Greenhouse Gas Control

Distance[mm)]
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Biochemical effects

Life in the subsurface is controlled by electron transfer

. CH2COO™+3 H,0O = 2-.19 4 _
Sulfate reducing 3 2 1304 * 2 H'+8e =
microorganisms CO, +HCO3 +8HY +8 e 5 HoS + 3 HS™ + 4 Hy0
(SRM)
Electron donor: Electron Acceptor:
Acetate (C from 0 = +4) Sulfate (S from +6 to =-2)

14 June 2019 DTU Offshore
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Biochemical effects
Biologic reactions fuelled by CO, injection

Complex coO
O, hydrocarbons CO; H,S Xf><(:‘oz
co, Volatile fatty Volatile fatty Sulfate CH, Fe,., Fes, Acetate
. acids _ . acids R - s < S
Aerobic Sulfate reducing Methanogenens Acetogens
microorganisms microorganisms
Complex
NO, NO, hydrocarbons NO, NO, H,S H+
N2 or 002 N2 or NH4 Sulfate COZ 2
ANH4+ » & » <& »
Nitrate reducing Nitrate reducing sulfide Anaerobic CO oxidizers
microorganisms oxidizing

microorganisms

DTU Offshore
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Biochemical effects

35

= SN Lietal.20z CO, +microbe * Microbial activity can be sustained over decades to
=350 4 § - centuries due to the presence of all elements required
E451 N CO,+NO,+microbe 1es d p q
40 ?§ S for microbial growth.
235 r ?\Q * CO, dissolution of reservoir rock can release sulfate,
230 ?§ phosphate minerals, etc that can be utilized by
'gZS i /§ microorganisms. The resulting metabolic products can
pe 20 - ?§ ' interact with the formation brine and produce
S 15+ ?§ precipitates, and together with the produced biomass,
(ZD 1(5) ?§ they can influence porosity, permeability and
* 0 #//\\ . % % consequently fluid flow behavior.
0 30 60 90 120 150

14 June 2019

DTU Offshore

Time (day)

Impurities in the CO2 stream impact pH and the extent of microbial activity
The increase in the microbial activity affects porosity, permeability and corrosion

Effects of CO2 impurities on storage
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Biochemical effects

Pipe wall Biofilm
——p

Acetogens
Methanogens
Sulfate reducing
microorganisms
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Conclusions

e Extensive research exists on the development of EoS for CO, with impurities

e The reduction in the storage capacity is the main consequence of the physical effects of
impurities in the CO, stream

e Modelling studies on sandstones show that impurities have a minor effect on the porosity and
permeability

e Geochemical reactions triggered by the presence of impurities are expected to play a greater
role in carbonates

¢ Limited experimental data on the effect of impurities in carbonates

e Impurities cause and intensify biological processes that affect injectivity, storage, and
containment (well integrity, caprock sealing)
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