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CO2 Storage – State of the Art Study
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CO2 stream composition
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Diverse CO2
stream 

composition

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

Component Composition Limitation

CO2 >95.5%

H2 <4% * H&S

Ar <4%* ENCAP

N2 <4%* ENCAP

CH4 <4% vol. (aquifer), <2% vol (EOR) ENCAP

CO 2000 ppm H&S

H2S 200 ppm H&S

H2O 500 ppm D&O
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DYNAMIS project (Towards Hydrogen and Electricity Production with CCS) 
(2006-2009)

CO2 quality recommendations represent a trade-off between the 
compositional requirements along the entire CCS value chain
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CO2 quality - materialized 
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Component Composition 
[mole %]

CO2 95
H2O 0.004
N2 2
O2 0.004
H2 0.75
He 1
Ar 1
CH4 7.5×10-2

CO2 stream composition used in the Aramis project

Component Composition 
[mole %]

CO 5.0×10-4

H2S 3.0×10-4

NO2 2.0×10-4

NO 5.0×10-3

SO2 1.2×10-1

C2H6 3.5×10-2

CH4O 2.0×10-3
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Impact of impurities on the storage
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CO2 impurities

Physical

Chemical

Biochemical

Injectivity

Capacity

Containment

Effects Storage

The impact of impurities in captured CO2(from power plants and other CO2-intensive 
industries) on CO2 transport and storage was assessed in the IMPACTS collaborative 

project. (2013-2016)
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Type of storage 
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Physical effects
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• Impurities induce changes in:

Phase behavior Density Viscosity IFT

Al-Siyabi, 2013

Al-Siyabi, 2013

Al-Siyabi, 2013

EoS

Experimental measurements on binary systems

Predict the physical behavior
of CO2 streams with complex 
composition at different P,T 

CO2 phase/Decane
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Storage 
mechanisms
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Overall capacity dependent 
on storage mechanisms

Szulczewski, M.L., et al. 2012

Physical effects

• Reduced convective fingers due 
to less increase of water density 

• Reduced solution trapping 

• Increase of IFT will increase 
capillary trapping

• Reduced CO2 mixture density 
results in more structural trapping
Ø less time for solubility/ residual 

trapping due to rising vertical 
velocity

Ø potential for leakage increases

light-impurity species will result in 
greater buoyancy for the CO2 plume,
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Physical effects – Injectivity
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• Decreasing viscosity increases the 
mass flux for the same pressure drop

• Increasing density decreases the 
mass flux

Hoteit, H., et al., 2019.
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Physical effects – membrane seal
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Chemical effects
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Pore surface

FWCO2 phaseDissolution of CO2/impurities in FW

• Some impurities have a higher solubility in 
FW compared to CO2

pH decrease

• Dissolved impurities can drive pH to lower 
values compared to carbonic acid

Dissolution/precipitation reactions

• E.g., calcite dissolution, anhydrite 
precipitation 

Changes in porosity/permeability

H!S g + 2O! g → SO"!# aq + 2H$(aq)

• Synergistic chemical effects of impurities:
Ø O2 can oxidize some of the impurities

Ø H2S and SO2 can lead to the formation 
of sulfur

2NO g + 2O! g → 2NO2 (g)

2H!S g + SO! g → 3S (s) + 2H!O

Impurities in the CO2 stream can also undergo chemical reactions with the cement barrier or increase well 
corrosion rates 
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Chemical effects
qPilot tests
ØHontomin (tight carbonates): 95% 

CO2/ 5% synthetic air
ØKetzin (sandstone): 80% CO2/ 20%N2

qLaboratory tests

ØSandstones: no/minimal alteration of 
permeability/porosity alteration after 
soaking

ØChange in permeability of caprocks 
dependent on impurity and carbonate 
content

15

CO2+Impurities+Brine
k

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

qLong-term simulations of CO2 injection 
in sandstones aquifers generally show 
that long-term effect of impurities on 
the porosity/permeability is minor.

100 ppm SO2/CO2

Initial porosity
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Chemical effects – Injectivity 
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• The dissolution of CO2 in brine decreases pH,  
promoting mineral dissolution

• Impurities soluble in water can decrease pH 
further leading to additional aqueous species

• Aqueous species stemming from impurities 
promote precipitation of secondary mineral 
phases

Injectivity

Mineral 
dissolution

Salt 
precipitation… … … …

• CO2/H2O mutual solubility lead to a 
“drying out” effect

• Impurities can intensify water 
vaporization, promote the precipitation of 
secondary phases and further enhance 
salt precipitation

Pure CO2 
injection

CO2+5000 
ppm H2S 

CO2+5000 
ppm H2S 

• Lower pH in the presence of
H2S did not decrease the
permeability à precipitation
of secondary phases (e.g.,
pyrite, anhydrite)
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Chemical effects – Containment 
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• H2S and SO2 drive additional interactions with the 
cement (oxidation-reduction, sulfidation)
Ø Formation of secondary phases, e.g., ettringite, 

pyrite
• CO2/H2S (21% mol) did not induce mechanical 

damage on the cement
• Low impurity concentrations expected to have no 

major effect on the permeability of Portland cement
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S74 A. Raoof et al. / International Journal of Greenhouse Gas Control 11S (2012) S67–S77

Fig. 6. Porosity, pH profiles and carbonate speciation after 1 year of CO2 invasion into the portlandite cement and creation of low and high permeability zones. The
concentrations are normalized by their maximum values.

of decreased porosity has also been observed in laboratory experi-
ments (e.g., Kutchko et al., 2007) and is designated here as Zone 2.
Further into the sample, where the CO2-bearing solution is in con-
tact with unreacted cement, a sharp transition of pH is observed
where the CO2−

3 component dominates (see Fig. 4). High carbonate
ion concentration, together with the Ca2+ released by portlandite
dissolution leads to rapid calcite precipitation (Eq. (9))  and the for-
mation of a low porosity region (Zone 3) which in the experimental
literature is referred to as the carbonation front (Rimmelé et al.,
2008). Ahead of this carbonation front a dissolution front develops
(Zone 4) characterized by higher porosity due to the dissolution
of portlandite. The increased concentration of Ca2+ in Zone 4 will
diffuse backward into the Zone 3 where the concentration of this
component is lower due to CaCO3 precipitation.

The mass transport of Ca2+ within the cement sample is clearly
rather complex. It can be seen in Figs. 5 and 6 that the diffusive mass
transport of Ca2+ ensuing from the Ca2+ concentration gradient is
governed by both solid–fluid reaction and the inlet boundary con-
dition. In Zone 1, Ca2+ leaches out of the cement sample towards
the inlet boundary where its concentration is lower. However, the
diffusive flux of the Ca2+ component from Zones 2 and 4 into Zone
3 is due to the high precipitation rate of calcite resulting in a lower
concentration of Ca2+ in Zone 3.

3.2. Carbonation progress

To examine the dynamics of propagation of the carbonation
front, the penetration depth, here defined as the position of the
carbonation front, is plotted as a function of the square root of
time in Fig. 7. This shows that penetration depth is proportional
to the square root of time at early times, indicating that diffu-
sion is the main transport mechanism at this stage. However, at
later times the slope deceases, which indicates that the reaction
becomes the controlling process. At this point, the penetration
depth reaches an almost constant value as the low pH solution

is neutralized by reaction with the cement matrix throughout the
region behind the carbonation front. Such a change in slope of the
penetration depth versus square root of time curve has observed
in batch experiments in which diffusion was  the only transport
mechanism for CO2 invasion of the sample (e.g., Kutchko et al.,
2008; Matteo and Scherer, in press). On the other hand, Matteo
and Scherer (in press) observed that for the case of flow-through
experiments the penetration depth versus square root of time curve
was almost linear, indicating that reaction was diffusion controlled
throughout the experiment. Our results show that after deple-
tion of portlandite within the reacting part of the cement, pH
decreases and subsequently the carbonation front traverses further
into the cement revealing transition to a diffusion controlled regime
(Fig. 7).

Fig. 7. Plot of penetration depth versus square root of time during CO2 attack,
revealing different reactive transport regimes.

Raoof, A., Nick, H. M., Wolterbeek, T. K. T., & Spiers, C. J. 
(2012). International Journal of Greenhouse Gas Control
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Biochemical effects
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Life in the subsurface is controlled by electron transfer

Electron donor:
Acetate (C from 0 è +4)

e- e-

CH3COO
−+3 H2O⟹

CO2 + HCO3
− + 8 H+ + 8 e−

Electron Acceptor:
Sulfate (S from +6 to è-2)

SO4
2− +

19
2
H+ + 8 e−⟹

1
2
H2S +

1
2
HS− + 4 H2O

Sulfate reducing 
microorganisms

(SRM)
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Biochemical effects
Biologic reactions fuelled by CO2 injection

19
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Biochemical effects

20/41

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

Li et al.,2021 • Microbial activity can be sustained over decades to 
centuries due to the presence of all elements required 
for microbial growth. 

• CO2 dissolution of reservoir rock can release sulfate, 
phosphate minerals, etc that can be utilized by 
microorganisms. The resulting metabolic products can 
interact with the formation brine and produce 
precipitates, and together with the produced biomass, 
they can influence porosity, permeability and 
consequently fluid flow behavior. 
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Biochemical effects
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Conclusions
• Extensive research exists on the development of EoS for CO2 with impurities

• The reduction in the storage capacity is the main consequence of the physical effects of 

impurities in the CO2 stream

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

permeability

• 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

• Impurities cause and intensify biological processes that affect  injectivity, storage, and 

containment (well integrity, caprock sealing)
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